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UNIVERSITY OF SOUTHAMPTON 
 
ABSTRACT 
 
FACULTY OF ENGINEERING AND THE ENVIRONMENT 
School of Engineering Sciences 
 
DOCTOR OF PHILOSOPHY 
 
HIGH TEMPERATURE INDENTATION OF WC/CO HARDMETALS 
by Jonee Christine Paredes Zuñega 
 
WC/Co is the material of choice for most high wear applications such as hot forming operations, 
drilling, cutting, machining and wire drawing due to its superior wear properties. In the evaluation 
of its material properties to withstand wear, particularly that of its hardness, most of the available 
information is based on room temperature investigations. However, when WC/Co is used in the 
actual applications, it also experiences very high contact temperatures and this localized heating 
has a detrimental effect on the WC/Co material causing microstructural changes on the surface and 
sub-micron surface that affect its wear resistance properties. Creep also plays an important role in 
the damage mechanisms at elevated temperatures especially in prolonged contact to heat such as 
those used in hot metal forming operations. However, the current information on these high 
temperature properties is not complete and has contradictory results. Moreover, creep studies of 
WC/Co have been done at temperatures >800°C and information below this temperature is also 
lacking. 
  Therefore, the primary goal of this thesis is to obtain a first time in-depth understanding of its high 
temperature property – composition – microstructure interaction that affects its wear properties from 
room temperature up to 800°C using comprehensive scratch tests, high temperature indentation 
hardness tests and indentation creep tests. These tests are supplemented with advanced 3D imaging, 
microstructural and composition analysis using SEM, EBSD, FIB, EDX, SIMS and laser confocal 
microscopy. Moreover, due to the lack of a commercially available high temperature 
microindentation test system, this thesis also aims to design, build and commission a high 
temperature and high vacuum microindentation test system to carry out these investigations. 
  The results of the scratch tests showed new information on the damage mechanisms, particularly 
on the formation of a tribo-layer on the scratched surfaces and the evolution of surface damages 
incurred on the indenter tip which is found to affect the coefficient of friction. These provide 
baseline information on the damage mechanisms occurring at room temperature and were 
instrumental in the development of the methodology used in the high temperature indentation tests. 
  The results of the high temperature indentation tests showed that the behaviour of the WC/Co 
hardmetals were categorised according to two temperature regimes. In the low temperature regime 
(20°C  500°C), the controlling factor is dominated by the WC grain size and that the damage 
mechanisms are characterised by plastic deformation of the WCgrains via slip, intragranular 
fracture of the WC grains within the surface of the indent and intergranular fracture along the edges 
of the indent. In the high temperature regime (>500°C), the controlling factor was dominated by the 
Co binder and the damage mechanism showed first time observation of severe plastic flow 
accompanied by shape change on the WC grains. A tribo-layer was also found to exist on the room 
temperature indents but not on the high temperature indents. In addition, pitting of the indenter tip 
occurred at test temperatures >700°C and its contribution to the measured hardness were 
determined.  
  These results provide significant information on the best combination of WC grain size and Co 
content that are suitable for applications requiring high hardness retention and creep resistance. In 
addition, the thorough investigation of the damage mechanisms ensuing at these temperatures is 
beneficial in the design of WC/Co with better wear properties at elevated temperatures. 
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1.0 INTRODUCTION 
 
1.1 Statement of the Problem 
 
Cemented tungsten carbide (WC/Co) based hardmetals are an extremely versatile class of materials 
that are currently used in many industries because of their combined high strength and high 
toughness properties. They support a £10b world business in advanced tooling and manufacturing 
ranging from semiconductors to mineral and mining operations and the manufacture of special 
alloys used in the automotive and aerospace industries.  
 
It is well established that the resulting properties of WC/Co is mainly dictated by its WC average 
grain size (WCags) and its Co content (wt%Co) and often, the selection of the best composition is 
based on results from their room temperature tests. However in most of their applications, these 
materials experience localized high temperatures due to their contact with other surfaces - under 
high pressure and high velocity applications which warrants the need to understand the high 
temperature properties that affect their wear and degradation.  
 
For example, in applications such as wire drawing and other hot metal forming and casting 
operations, the tool is in prolonged contact to high temperatures which causes these materials to 
wear significantly, and the high temperature behaviour of the tool material plays a crucial role to its 
wear. In a similar way, in operations where the WC/Co tool is used as a moving part (i.e. as drills), 
its high temperature properties can limit the speed of its operation; impacting productivity, as well 
as increasing the frequency of material regrind and replacement.  
 
For most of its applications, several solutions have been developed to minimize wear of WC/Co. 
For example, the use of coatings has been significantly improved to help minimize surface wear of 
WC/Co tools and acts as diffusion barrier between the WC/Co hardmetal and the workpiece 
material. But this has been so well developed that the underlying bulk material plastically deforms 
even before any significant surface wear is observed. This change in geometry from the underlying 
WC/Co material can lead to subsequent delamination of the coatings and eventually catastrophic 
failure. 
 
In some cases, the high temperature strength of WC/Co can be enhanced by the use of multi-
carbides  or  by  the  addition  of  WC  grain  inhibitors  such  as  Ni.  In  these  cases  however,  any 
additional process to the current system can only add to the cost of the material and its processing.  
 
The most common property used to evaluate the suitability WC/Co hardmetals in a particular 2 
 
application is its hardness - this is due to its direct relation with wear; and its interaction with other 
properties such as fracture toughness. Ideally, high temperature hardness should be used. However, 
the currently available high temperature hardness data on WC/Co hardmetals is limited to a handful 
of authors and the results are sometimes contradictory. This makes it difficult to properly ascertain 
the controlling factor at high temperatures and thereby, it is not clear which suitable combination of 
WC/Co and wt%Co is needed in applications where these are exposed to high temperatures. In 
addition, as technology rapidly improved in the past two decades, these indentation tests need to be 
revisited in order to gain a more enhanced and thorough information from this test.  
 
Creep of WC/Co has also been studied but these have been done at temperatures beyond 800°C. 
The creep properties in the range of temperatures <800°C and where creep is also significant is 
lacking. These creep properties are useful in determining the damage mechanisms involved in 
WC/Co when subjected to prolonged exposure to these temperatures.  
 
Much is still to be uncovered about the high temperature behavior of WC/Co based tool materials 
and, as of now, despite the fact that WC/Co has been developed for nearly a century, the 
understanding of its wear and degradation specially when exposed to severe temperatures is far 
from complete. The information obtained from this study will be greatly beneficial in the design of 
new materials that can retain their hardness at high temperatures and are not significantly affected 
by creep in applications where prolonged contact to high temperatures is warranted. 
 
The constraints in obtaining a thorough examination of the high temperature properties of WC/Co 
based hardmetals are due to the difficulty in determining the actual temperatures during the actual 
operations but more importantly, because of the lack of a suitable machine to study their behavior 
at high temperatures. 
 
By combining indentation hardness tests and indentation creep tests, the high temperature 
indentation technique gives more detailed account on how the mechanical properties, material 
composition and microstructure vary with depth when exposed to elevated temperatures which will 
provide significant information of its performance limitations and provide suggestions for 
extending their service life.  
 
A thorough understanding of these properties will impact the effectiveness of these tool materials 
and major savings in material resources and productivity can be made. Hence, this first time high 
temperature property – composition – microstructure systematic study gives an in – depth 
understanding of WC/Co hardmetals at elevated temperatures. 
 3 
 
Moreover, in order to ensure that the direction of this thesis is up to date and is directed towards the 
industry needs, results are regularly presented to the British Hardmetals Research Group meeting.  
 
 
1.2 Objectives of the Study 
 
The main objective of this thesis is to gain a thorough understanding of the high temperature 
behavior of a series of WC/Co hardmetals at temperatures ranging from room temperature up to 
800ºC using indentation tests. In addition, at temperatures where creep is significant (≥500°C), 
indentation creep tests using various dwell times were also performed. These tests are accompanied 
with advanced microstructural and surface analysis incorporating the scanning electron microscope 
(SEM), electron backscatter diffraction method (EBSD), focused ion beam milling under the 
scanning electron microscope (FIB-SEM), 3-D confocal microscope, and to some extent, 
Secondary Ion Mass Spectroscopy (SIMS) and Energy Dispersive X - Ray (EDX) analysis. These 
aim to achieve the following: 
  Determine the controlling factor (whether WCags or wt%Co) for hardness at various 
temperatures from room temperature up to 700°C as well as the controlling factor for creep 
from 500°C up to 800°C; 
  Determine the best combination of WCags and wt%Co for industry applications where hot 
hardness and creep are important at various temperatures from room temperature up to 
800°C; 
  Conduct preliminary creep analysis to determine creep properties such as the activation 
energy and stress exponent; and 
  Investigate the damage mechanisms occurring at various temperatures in order to better 
understand the behavior of WC/Co hardmetals at these temperatures. 
 
In order to have a better understanding of the high temperature wear behavior of WC/Co, room 
temperature wear behavior is first established by conducting room temperature wear tests using 
scratch tests and comparing these results with room temperature hardness and other wear data that 
are currently available in literature. Thus, this test aims to: 
  Provide a model form abrasion test to establish the relationship of wear from scratch tests 
and hardness at room temperature; 
  Provide baseline information on the appropriate imaging techniques in the study of 
WC/Co; 
  Determine the damage mechanisms involved in two grades of WC/Co; and 
  Study the deterioration of the stylus tip during scratching; thereby, prompting the analysis 4 
 
of the indenter tip in the indentation tests.   
 
As of this thesis, there is no commercially available high temperature microindentation test system 
that is suitable for the type of results needed for this study. Because of this; this thesis also aims to 
design, build, and commission the high temperature microindentation test equipment at the 
National Physical Laboratory (NPL) based from an old test system that is no longer working.  
 
This is done by using advance technology in the design, build and commissioning in the following 
areas of the test system: 
  Sample and indenter furnace and furnace control system to achieve a robust design that 
enables a stable temperature control; 
  mechanical sample stage assembly with a precise control of the x, y motion; 
  incorporation of systematic and efficient water cooling system; 
  vacuum system which integrates capability of inducing an Ar rich environment; and, 
  a robust and flexible user interface program for indentation test and post-processing of 
data. 
The test system also aims to include a depth sensing indentation capability as well as design 
provision for future incorporation of high temperature scratch tests. 
 
The outline of activities in this thesis is presented in Figure 1.  
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Room Temperature Wear
To obtain an understanding of the high temperature wear of WC/Co hardmetals and related materials
High Temperature Wear
Conduct room temperature 
scratch  tests and compare 
results with standard abrasion 
wear tests; use data to 
establish relationship between 
room temperature wear via 
scratch tests and hardness 
through indentation tests
Room Temperature 
indentation Tests
Measure hardness 
using 3D imaging of 
indents and Compare 
with obtained hardness 
from standard Vickers 
hardness tests
Correlate results with 
room temperature 
scratch tests and high 
temperature indentation 
tests
Measure Hardness 
using 3D imaging of 
indents and conduct 
microstructural analysis 
of surface and 
subsurface layers of 
indents
Correlate results with 
room temperature 
indentation tests and 
high temperature 
indentation creep tests
Measure indentation 
creep using 3D imaging 
of indents with the aid 
of load-displacement 
curve for further 
analysis 
Correlate results with 
high temperature 
hardness data
Room Temperature Scratch Tests
High Temperature 
Indentation Creep Tests
High Temperature 
Indentation Tests
High Temperature Scratch 
Tests (A)
New Equipment Design, Build, Calibration and Conditioning
Investigate any surface 
change on the use of diamond 
stylus which provides 
preliminary insight  on the 
selection of indenter material
Correlate results with high 
temperature scratch tests (A)
For future work A
A
 
 
 
Figure 1 Summary flowchart of activities. 6 
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2.0 LITERATURE REVIEW 
 
 
2.1 Historical Development of WC/Co in the Tooling/ Manufacturing Industry 
 
The development of modern cutting and manufacturing tool materials began in the second half of 
the 19
th century with studies carried out on the preparation and isolation of pure iron carbide in the 
form of cementite, Fe3C, followed by isolation of carbides of titanium and W. The systematic 
approach of investigating carbides and other hard metals was initiated by the French scientist 
Moissan   [7]. In his detailed studies, he was able to develop a method of preparing hardmetals by 
means of controlling the temperatures obtained in an electric arc furnace. From his careful analysis 
of these carbides, he deduced that carbides have a very simple crystal structure and that carbon 
forms only one compound with most elements.  
 
His work has laid the foundations of the modern development of carbides as we know them today. 
The carbides studied by Moissan – which consist of the two main carbides of W, that of WC that 
decomposes at 2600˚C and W2C that melts at 2750˚C, initially were of no practical use at that time 
due to their low fracture toughness. The method of producing the carbide using fusion proved to be 
inadequate to exploit the superior qualities of these materials in commercial applications. It, 
however, attracted the attention of the incandescent lamp industry, which relied heavily on 
expensive industrial grade, diamond, to draw W wires.  
 
It was through the work done by Schröter in Osram laboratories in the 1920s that showed the first 
commercial use of WC materials. The low fracture toughness of WC initially studied by Moissan 
was addressed by using powdered WC mixed with a small percentage of the iron group – iron, 
nickel or Co, producing WC cemented or bonded together by a tougher metal [1, 4, 6, 7].  
 
It was soon realized that Co was the most efficient binder metal with better sintering behaviour and 
wetting properties towards the WC grains producing a pore – free structure. This produced a 
material that combines high strength, high toughness and high hardness that is beneficial in the 
tooling industries, especially in cutting tools enabling turning speeds of ~ 2.06 m/s.  
 
Later studies led to better understanding of its quasi – binary and ternary systems which have been 
exploited to combine higher hardness and wear resistance of fine carbide particles with the 
toughness and shock resistance of the Co matrix. Particularly, further modifications on WC/Co 
hardmetals were conducted by Schwarzkopf [10]. He discovered that by producing solid solutions 
of WC/Co with other metal carbides, superior properties could be achieved and this marked the 8 
 
start of multi – carbide materials. These multi – carbide alloys provide improved shock resistance 
and better oxidation properties through the addition of carbide materials such as titanium and 
tantalum. 
 
In the 1950s, ceramic cutting tools such as alumina were developed which can reach speeds of up 
to 15 m/s when turning steels. However, the applications of ceramics are limited because of their 
brittle nature and are prone to breakage especially in intermittent cutting operations [1, 2]. In the 
1960s, ceramic coatings produced by vapor – phase deposition were introduced to provide 
protection to the cemented carbide tool material thereby allowing it to reach higher speeds and feed 
rates.  
 
These coatings contained titanium carbide, titanium nitride and alumina. Later on, more advanced 
but much more expensive tool materials such as polycrystalline diamond and cubic boron nitride 
coatings were introduced to extend tool life used on hard to machine materials [3]. Figure 2 shows 
an approximate timeline of the development of cutting tool materials in chronological order [8, 11]; 
whereas, Figure 3 shows the historical evolution of cutting tool materials and their corresponding 
cutting speed. 
 
Although new material types were introduced, they lacked the versatility of WC/Co hardmetals 
which came from its combined hardness and toughness. By varying the WC grain size and Co 
content, WC/Co can be tailor made to suit various applications. Figure 4 shows an illustration of 
the various applications of WC/Co in different industries [60]. 
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Figure 2 Timeline showing the chronological development of cutting tool materials [4, 6, 8, 10].10 
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Figure 3 Variation of cutting speed with different cutting tool materials [11]. 
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Figure 4 Applications of WC/Co determined by its grain size and Co content [60]. 11 
 
2.2 Consumption of WC/Co Hardmetals 
 
Since the industrial revolution of the 19
th century, the metal cutting and manufacturing industries 
have grown rapidly and proved to be a major contributor to the world economy. The 
commercialization of WC/Co in the late 1920s to the early 1930s played a significant role. Thus, 
the production of cemented carbides has also grown rapidly as shown in Figure 5 [74, 8, 10]. For 
example, the consumption of WC/Co has doubled from 2002 to 2008 and it has been estimated that 
the share of WC/Co based hardmetals is a £10b industry and will likely to grow in years to come.  
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Figure 5 Growth of WC/Co consumption [74, 159]. 
 
 
 
Despite some industries facing economic downturn, the supply of cemented carbides has increased. 
In the applications sector, an estimated 67% of hardmetals production went into metal cutting tools. 
Today, WC/Co dominates the share of cutting and manufacturing tools. 
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2.3 Challenges in the Development of WC/Co Hardmetals  
 
Increased productivity has always been the main driver towards the use of WC/Co hardmetals and 
subsequently, its development as the material of choice in most manufacturing tools. Through the 
years, the tooling industry is faced with changes in the type of materials being manufactured. 
Whereas in earlier times, materials used in e.g. steam engines, which were made from gray cast 
iron, wrought iron, brass and bronze were easy to machine and were readily cut using hardened 
carbon steel tools, in more recent applications new materials have emerged which are tougher and 
stronger [76, 88, 123].  
 
For instance, in the automotive industry, parts such as housings, engine blocks, camshafts and 
cylinder heads are now being replaced by stronger and tougher materials such as aluminium/ 
silicon alloys, magnesium alloys and nodular cast alloys. Although these new alloys provide better 
performance, they have posed a new challenge to the tooling industry because of the change from 
easily machined materials to difficult-to-machine materials [2]. As a result, the existing tool 
materials needed to form, machine or manufacture these have to be more wear resistant in order to 
perform efficiently.  
 
This has warranted the shift of tool materials to carbide tools and the more expensive 
polycrystalline diamond tools especially in the cutting and machining of these materials. But the 
increased volume of production has propelled the development of diamond coated WC/Co based 
tool materials. In a similar way, the type of manufacturing process can affect tool development 
according to whether the process is intermittent or continuous. For example, at continuous high 
cutting speeds and consequently at higher cutting temperature, ceramics can function very well but 
may break when used at interrupted low cutting speeds involving shock loading [12].  
 
Development of various grades of WC/Co have allowed it to withstand shock loading during rock 
drilling operations or during intermittent cutting operations which are not permissible to the harder 
but brittle ceramics. Steel offers increased toughness but WC/Co hardmetals offer better strength 
and toughness at higher cutting temperatures.   
 
By varying the WCags and wt%Co of WC/Co hardmetals, its hardness ranges from ~ 8 GPa to over 
20 GPa [10]. In addition however, one of its main features is its ability to retain high hardness even 
at elevated temperatures which is often required in many of its applications where localised high 
temperatures are experienced.  
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Figure 6 shows a summary of the range of localized heating according to the application used [1, 
16, 92, 103, 121, 122, 123]). With the limited knowledge on the high temperature behaviour of 
WC/Co hardmetals, there is still much room for improvement for these materials in order to better 
withstand these conditions. 
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Figure 6 Range of temperatures that WC/Co is subjected to in various applications [1, 16, 92, 103, 
121, 122, 123]. 
 
 
In addition, heat generated during operation is often dissipated away through the use of coolants 
and lubricants. To further protect the tool surface, for some WC/Co tools, coatings are 
implemented to lessen elemental diffusion of C, Co and W from the bulk WC/Co which lessens 
wear.  
 
However, with the advent of new legislation towards energy conservation and greener technology 
for environmental protection, the use of coolants and lubricants is being minimized [11]. This 
offers an opportunity to explore dry cutting, machining or drilling optimisation that allows direct 
contact between the tool material and work piece material that makes the process more detrimental 
to the tool material’s life.  
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In addition, coatings have been significantly improved to help minimize wear of WC/Co tools to 
the point that the underlying bulk material plastically deforms even before any significant surface 
wear is observed [103]. This change in geometry from the underlying WC/Co material can lead to 
subsequent delamination of the coatings [16].  
 
Abrasion wear studies from various authors [29, 39, 47, 61-67, 90] showed that hardness has a 
direct correlation with the wear behaviour of WC/Co; thus, maintaining this property at elevated 
temperatures will give an indication of how well the material responds to wear during its operation. 
However, information on the temperature dependent hardness of WC/Co is very limited [17]. 
Better understanding of the high temperature behaviour of these tool materials will lead to better 
means to address these problems. 
 
 
2.4 Overview of WC/Co Hardmetals 
 
WC/Co hardmetals form the majority of the cemented carbides that are used today [12] largely due 
to its continuous use in various manufacturing industries [8, 27]. WC/Co derives its high wear 
resistance properties from its two main constituents – the WC hard phase and the Co metal matrix 
binder phase.  
 
The production of WC/Co is made by using powders of the individual constituents as starting 
product and pre-sintered at 800°C - 1000°C before it undergoes final sintering at 1400°C - 1500°C 
[8]. Figure 7 shows a micrograph of a WC/Co showing the WC hard phase and the dark Co matrix. 
 
 
10µm
 
Figure 7 Sample micrograph of WC/Co showing the WC hard phase surrounded by the dark shade 
of Co matrix. 15 
 
 
2.4.1 The Tungsten Carbide (WC) Hard Phase 
 
The WC grain has a hexagonal shape having two habit planes as shown in Figure 8a wherein a 
carbon rich phase favours a less truncated and flatter WC grain [38]. On the other hand, Figure 8b 
[38] shows the hexagonal – close – packed (hcp) structure of WC with three carbon atoms forming 
the inner layer. This hcp structure indicates that the slip patterns seen on the WC grains appear as 
either one directional or multi-directional depending on the orientation of the WC grain, and these 
slip directions are those from the   family of directions.  
 
W is a high density metal which melts at 3140°C – the highest melting point among metals with a 
significant  corrosion  resistance  [19].  The  controlled  addition  of  carbon  as  an  interstitial  atom 
increases the lattice strain  adding  strength  to W [92]. The  Co  binder  phase owing  to  its  high 
ductility provides the characteristic toughness of this hardmetal alloy. When combined together, 
these  form  the  characteristic  WC/Co  with  high  wear  resistance  and  toughness  even  at  high 
temperatures. These  materials  therefore  have  properties  required  by  machining,  drilling,  metal 
forming and cutting operations. 
 
 
                        a1
a2
W
C
c
 
    (a)            (b) 
 
Figure 8 The WC structure: (a) WC grain in a Co binder showing the two types of habit planes 
formed, the prismatic facet {1010}and the basal facets (0001); (b) the hexagonal close packed 
structure of WC showing the W atoms occupying the outer basal planes and the middle plane is 
occupied by C atoms [38]. 
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2.4.2 The Cobalt (Co) Binder Phase 
 
Co is the preferred matrix for cemented carbide production because of its excellent wetting and 
adhesion properties [117]. Pure Co is a transition metal which has a hcp structure at room 
temperature and transforms to a face centered cubic (fcc) at higher temperatures. This transition 
occurs at about 417°C and the transformation is accompanied by a volume expansion ( ) of about 
0.27 – 0.36 [98, 99].  
 
The retention of the fcc Co at room temperature is due to the formation of a solid solution of Co 
with W and C impurities as well as the restrictions imposed by the WC grain boundaries that does 
not allow shape change that is necessary for the hcp phase transformation to take place [100, 101]. 
The W atom can dissolve into the Co matrix as a substitutional atom according to the Hume –
Rothery rule for the formation of substitutional solid solutions, the C atom being much smaller than 
the Co atom can dissolve by occupying interstitial spaces in the Co lattice [92]. It was found that 
the solubility of WC in the Co binder just below its solidus is about 10% -15% depending on the 
stoichiometric proportion of C in WC and decreases to 4% at 1000°C [99]. At room temperature, 
the solubility of WC in the Co matrix reduces to 1% [100]. These results are also supported by 
other studies [110, 149] which showed that the structure of the Co binder phase present in WC/Co 
retains its fcc structure from room temperature up to 1000°C.  
 
The WC/Co hardmetal samples used in this study have not been checked for presence of the hcp 
Co binder due to the difficulty in determining this parameter, however, since the temperature used 
in this study is below 1000°C; phase transformation will not be considered further in this thesis. 
 
 
 
2.5 Wear of WC/Co Hardmetals 
 
Wear is generally associated with the mechanical removal or deterioration of a surface or both 
surfaces of materials that are in contact with each other [26]. The wear mechanisms involved 
highly depend on how it was produced which depends on the type of application that the hardmetal 
is subjected to - whether it was produced by sliding friction, rolling friction, in dry or wet 
conditions, or by impact. 
 
Wear of WC/Co hardmetals is a complex process and several studies have been done [9, 62-67] to 
analyse wear by considering a simple case of dry sliding friction of two contacting surfaces. In this 17 
 
type of wear analysis, the material removal is mostly associated with abrasive wear whilst the 
deformation behaviour during this process is commonly related to seizure wear or galling which 
was observed by Bowden and Tabor [9] in the dry sliding of metal to metal interfaces.  
 
It was pointed out by Schwarzkopf and Kieffer [8] that abrasion wear is interpreted on the basis of 
mechanical concepts. When two materials of different hardness are in contact, the depth of 
penetration is dependent on the hardness of the indenting material but other factors such as ductility 
and strength will determine the deformation and actual breakage. As wear progresses, the local 
stress concentration prior breakage can be very high which introduces high local temperatures 
which then makes seizure wear an important factor to consider.    
 
In the preliminary studies of simple room temperature accelerated abrasive scratch tests conducted 
(refer to Chapter 5), using a 200µm radius diamond indenter with a constant load of 30N, it was 
found that wear mechanisms were largely characterised by ploughing of the surface, formation of 
tribo-layer on the scratched surface and slip and twinning of the WC grains adjacent to the 
scratched surface. It was found that the volume of the scratched surface was higher for the material 
with lower hardness. It was however, difficult to observe the presence of a stick and slip 
mechanism that was observed by Bowden and Tabor due to the formation of the tribo-layer. 
  
Depending on its type of application, the wear behaviour of WC/Co hardmetals are often generally 
categorized by abrasive wear, attrition wear and diffusion wear [10] which are discussed in the 
following sections.  
 
 
2.5.1 Abrasion Wear 
 
Abrasive wear occurs when a hard particle or debris from the work piece material is rubbed against 
the surface of the tool material, such in the case of cutting, machining or drilling operations. An 
example of this action is when an aluminium – silicon alloy is the workpiece material wherein 
silicon debris may abrade the cutting tool surface.  
 
This type of wear highly depends on the hardness of the cutting tool material as well as the mean 
binder free path [10]. When the particle hardness is higher than the hardness of the tool material, it 
can cut through the tool material creating craters or grooves on the surface. As the mean binder free 
path increases, the probability of the particle directly impacting the softer binder phase increases 
and the effective hardness of the binder decreases.  
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Particles impacting the surface of the tool can also extrude the exposed WC grains by directly 
hitting them or can be extruded by hitting the soft binder phase. Resistance to abrasive wear can be 
improved by inhibiting grain growth of WC grains.  
 
Of particular interest in this paper are those used in high abrasion wear resistance applications such 
as dies for wire drawing. In this type of application, the WC/Co surface is continuously in contact 
with the abrading material, in this case, the metal being formed, which induces abrasion wear.  
 
Abrasion wear studies of WC/Co is predominantly done using a tribotest system where abrading 
materials of known shape and size are rubbed against the surface of the test specimen at a known 
flow rate creating wear patterns similar to that seen on the actual worn dies.  
 
Several studies [59-67] have also shown that similar wear behaviour can be obtained by conducting 
scratch test experiments. This is a simple and yet reliable way of studying the wear mechanisms 
that underlie abrasion wear behaviour of a material. 
 
This test is carried out by pressing and sliding the tip of an indenter (usually a spherical tip 
diamond indenter) over the sample material at a known load, speed and distance which creates 
scratch tracks that can be readily studied using modern analysis tools.  
 
 
2.5.2 Attrition Wear 
 
Attrition wear occurs when the WC grain is removed from the bulk material and is often 
accompanied by the removal of the Co binder. This type of wear is strongly dependent on the 
WCags; when the Co binder is removed from the surrounding regions of the WC grains, the WC 
grains are then more easily dislodged. In this case, a larger WC grain would be more difficult to 
dislodge because of the bigger volume that is embedded in to the matrix. 
 
Where attrition wear is the governing wear mechanism, it is important to evaluate other mechanical 
properties that would be directly affected by the WCags of the material, i.e. hardness and 
toughness. And because these properties are often contradictory to each other, a balance must be set 
on the WCags in order to obtain optimum properties of the WC/Co hardmetal. 
 
In the list of materials used in this thesis, the optimum material that can withstand both attrition 
wear and hot hardness is the 0.87WC/6Co.  
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2.5.3 Diffusion Wear 
 
Diffusion wear occurs by diffusion of the tool material into the work piece material and is highly 
dependent on the temperature at the cutting tool surface. To illustrate, in the cutting of steels, this 
phenomenon occurs by the diffusion of carbon atoms to the workpiece material and depletes the 
carbon content of the carbide tool.  
 
This is one of the most important limitation in cutting steels and one way to prevent this is by 
addition of TiC which suppresses C diffusion towards the steel workpiece material. However, it 
should be noted that addition of TiC to WC/Co decreases its strength and so a finer and more 
uniform WC grain size is often employed in cutting rougher and heavier steels.  
 
 
2.6 Role of Temperature in the Wear of WC/Co Hardmetals 
 
In this section, the role of temperature in accelerating the wear of WC/Co in its various applications 
in the industry is discussed. 
 
 
2.6.1 Hot Forming Operations 
 
Carbide rolls are widely used in metal forming especially in hot rolling industry mainly for 
intermediate and last finishing stands to ensuring superior surface finish and dimensional stability 
of processed metal products. A comparison of hot rolling operation at 950ºC showed that the 
hardened steel (58-62HRC) lasted for about 30-45 days versus an identical WC/Co rod for a hot 
mill line lasted for 15months without visible damage [129].  
 
In addition to applied thermal stresses, many applications like hot rollers, extruders or forging dies, 
etc. suffer considerable abrasive wear as well as shearing and tensile mechanical stresses that are 
applied sometimes onto the same area due to the specific working conditions.  
 
These mechanical stresses can be associated with a metal forming process, when intensive plastic 
deformation at elevated temperatures tends to change a shape of the processed part’s preform, 
being fabricated from solid or particulate metal alloy, which may contain hard (abrasive) 
constituents like oxides, carbide or nitride inclusions, etc.  
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Moreover, it is worth mentioning that as well as the fracturing damage being caused by 
simultaneous application of thermal shock, wear and mechanical impact, additional creep 
deformation may also contribute to the disintegration of materials due to continuous presence of 
elevated temperature in the existing hot metalworking process. 
 
 
2.6.2 High Speed Cutting, Drilling and Machining 
 
Since the beginning of 1900’s through Taylor’s work on improving machining efficiency   [15], the 
effect of cutting temperature on tool life, workpiece surface integrity and power consumption has 
long been realized by the manufacturing industry. Since then, several studies [1, 2, 8, 9, 13, 14, 20, 
45] have been conducted to determine the temperatures generated on the tool material during 
cutting operations with the use of thermocouples. Cutting tool temperature is affected by several 
factors such as cutting speed, feed speed, continuity of the cutting process, depth of cut, tool 
material and workpiece material   [47].  
 
There are three sources of heat generation during cutting (Figure 9): a primary deformation zone on 
the workpiece material at AB, a secondary deformation zone caused by the friction between the 
chip and workpiece material at BC, and a third source which maybe present due to worn tool 
material wherein heat is generated from friction between the tool and the new workpiece material 
surface at BD [2,13].  
 
1210°C
900°C
720°C
 
 
Figure 9 Heat generation in orthogonal cutting with insert showing temperature distribution of the 
tool material after cutting a low alloy 0.4wt%C steel at 240m/min for 10s [2,13]. 
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Trent [1] discussed that there exists a flow – zone region in the chip material near the tool interface 
(BC) wherein heat is trapped and the tool material acts like a heat sink. Heat flows from the flow - 
zone to the tool and is continuously heated up to temperatures experienced at the flow - zone for as 
long as cutting continues. Thus, the maximum temperatures occurring at the contact zone between 
the tool and the chip [2, 13]. Childs and Rowe   [22] also discussed a similar phenomenon of 
extensive shear occurring at BC. Detailed discussions of the microstructural changes resulting from 
high temperatures induced during cutting operations are further discussed by Trent   [1]. 
 
There were various studies conducted to measure the maximum temperatures at the contact zone 
between the tool and the chip during cutting/ machining. Experiments conducted by Boothroyd [2] 
on the cutting of mild steel at a speed of 0.38 m/s shows that the temperature at BC can reach 750 
°C. In a later study, Trent [1] shows the temperature distribution on a WC tool used to cut steel at a 
speed of 3.05 m/s, giving the temperature reaching 950°C at BC.  
 
Similar studies conducted by Miller et al   [16] detail the experimental measurements of the 
temperature distribution of a carbide cutting tool using digital infrared thermal imaging at different 
cutting speeds of 1.78 m/s, 2.46 m/s and 3.40 m/s. The result shows that the maximum temperature 
isotherms are located at the contact area between the cutting tool and chip and increase with cutting 
speed.  
 
Measurement of contact temperatures during tribological tests using a WC/Co pin on a steel disc 
were also conducted [160] and was found that the mean contact temperatures vary from 120°C to 
470°C with a speed of 50m/min to 600m/min. A summary of these results are shown in Figure 10. 
Values obtained from tribological tests [160] were significantly compared to actual tests due to the 
difference in the test method used, whereas, other sources of error can be accounted to the type of 
temperature measurement device used, how close was the temperature taken with respect to the 
actual contact region, and accuracy of the measurement device. Other factors such as variation of 
the WC/Co tool grade used, as well as the workpiece material may also influence these results 
depending on the thermal conductivity of the materials.  
 
These studies clearly show that temperature experienced by the tool and workpiece material 
increases with cutting speed. This temperature increase limits the metal removal rate of the cutting 
tool and limits the cutting speed to which the tool can perform which is needed for cutting alloys 
with high melting point. It can also lead to problems with tool life and subsequently reduced 
efficiency and higher costs [1, 2, 3, 11, 19, 21, 37].  
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A previous study on the deformation mechanisms of WC/Co shows that plastic deformation 
increases with increasing cutting speed [103] which is shown in Figure 11. Although the study did 
not measure the temperature, this can be roughly estimated from the temperature versus cutting 
speed graph in Figure 10. 
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Figure 10 Cutting speed versus temperature at contact zone [1, 2, 16, 160]. 
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Figure 11 Deformation versus cutting speed using a WC/Co (5.0µm WC powder and 0.8µm Co 
powder) on a SS 2541 steel (0.34 wt% C, 1–1.5 wt% Cr, 3 wt% Ni, Mo) [103]. 
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Cutting operations also subject the tool to thermal fatigue   [11], oxidation, plastic deformation as 
well as non – homogeneous microstructural changes that can directly affect the tool material’s 
properties.  
 
Unfortunately, although metal cutting is one of the oldest methods of metal manufacturing, its 
understanding is far from complete. There are several factors that contribute to this slow progress 
of research. Measurement of actual temperatures during cutting operations has been a difficult task 
since there are several factors that come into play such as the presence of coolants and lubricants, 
the deformation behaviour of the workpiece material, the ability of the tool material to conduct heat 
from the heat affected zone and all these come into play during high speed operations.  
 
Most research on tool materials have also been conducted by manufacturers independently such 
that  commercial  grades  of  cutting  tools  vary  from  each  manufacturer.  The  lack  of  full 
understanding  also  comes  from  the  unavailability  of  equipment  to  measure  high  temperature 
properties within the range of temperatures that the material needs to withstand and this is where 
this thesis work comes in. 
 
 
2.7 Hardness as a Measure of Wear for WC/Co Hardmetals 
 
For a practical route, hardness is sometimes used to measure wear performance   [41]. For instance, 
the wear theory   [25] derived by Archard’s wear law directly relates hardness and wear in the form:  
 
  c
k
H
                  Equation 1 
where  is the dimensional specific wear rate, k is the dimensionless wear coefficient and H is the 
material surface hardness.  
 
 In addition, there is also a strong dependence of the material toughness on hardness of materials 
with Vickers hardness of values up to 2000HV30 which is shown from the fracture toughness 
versus hardness and Palmqvist toughness versus hardness graphs shown in Figures 13 and 14 
respectively. 
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Figure 12 Vickers hardness (HV30) versus volume loss of various WC/Co hardmetal samples [95]. 
 
 
 
5
10
15
20
800 1000 1200 1400 1600 1800 2000
F
r
a
c
t
u
r
e
 
T
o
u
g
h
n
e
s
s
 
K
1
c
 
(
M
N
/
√
m
)
Hardness HV30
UPC SEPB results
PLANSEE SEPB results
 
 
Figure 13 Relationship of fracture toughness (using pre-cracked single edge cracked beam, SEPB) 
versus Vickers Hardness 30 (Kgf/mm²), conducted by two laboratories: Plansee and UPC [128, 
157]. 
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Figure 14 Relationship of Palmqvist toughness versus Hardness (Kgf/mm²) [128, 157]. 
 
 
 
This strong dependence of wear on the hardness of WC/Co hardmetals suggests that hardness is a 
dominant factor in determining the wear resistance of these materials. It is noted that the scratch 
tests done on this thesis (Chapter 5) reflects this result wherein the volume of material removed for 
the lower hardness WC/Co sample is higher than the harder WC/Co sample. To supplement 
hardness tests, other methods of analysis such as indentation creep deformation and microstructural 
methods of analysis are employed in this study. 
 
 
2.8 Factors Affecting the Hardness of WC/Co Hardmetals 
 
There are several key factors that affect the resulting hardness of a WC/Co hardmetal and these are 
discussed in the following sections. 
 
 
2.8.1 Processing Method 
 
In the sintering of WC/Co, carbon content plays a significant role in WC grain growth such that the 
lower the carbon content (thus higher W content), the finer the produced grain size [8, 32] and 26 
 
results in higher fracture toughness and transverse rupture strength while maintaining its high 
hardness in the range of 800 HV – 2000 HV depending on the WC grain size and Co content [33]. 
Carbon can also trigger the formation of undesirable graphite phase and the ternary compound eta 
(η) phase which are detrimental to the mechanical properties and consequently, the cutting 
performance [27, 34].  
 
To illustrate, Figure 15 shows a vertical section of a W – C – Co ternary phase diagram [40, 37] 
with 6wt% Co and with 10 wt.% Co wherein the desirable face – centred – cubic (fcc) Co and WC 
phases exist over a narrow range of carbon content just below the solidus line. A slight deviation 
can either produce a third phase which is graphite if it is in excess of carbon and a metal compound 
if carbon is reduced. Looking at the two phase diagrams (Figure 15 a and b), the range of carbon 
content to which fcc Co and WC can exist becomes wider when a higher Co content is used.  
 
 
 
1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
1500
4.8 5.0 5.2 5.4 5.6 5.8 6.0
C content (wt %)
T
e
m
p
e
r
a
t
u
r
e
 
(
˚
C
)
fcc Co + M12C + WC
fcc Co + M6C + WC
Liquid + M6C + WC
f
c
c
 
C
o
 
+
 
W
C
f
c
c
C
o
 
+
 
g
r
a
p
h
i
t
e
 
+
 
 
W
C
5.6 5.8 6.0
L
i
q
u
i
d
 
+
 
g
r
a
p
h
i
t
e
 
+
 
 
W
C
L
i
q
u
i
d
 
+
 
 
W
C
  
1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
1500
4.8 5.0 5.2 5.4 5.6 5.8 6.0
C content (wt %)
T
e
m
p
e
r
a
t
u
r
e
 
(
˚
C
)
fcc Co + M12C + 
WC
fcc Co + M6C + 
WC
Liquid + M6C + 
WC
f
c
c
 
C
o
 
+
 
W
C
f
c
c
C
o
 
+
 
g
r
a
p
h
i
t
e
 
+
 
 
W
C
L
i
q
u
i
d
 
+
 
g
r
a
p
h
i
t
e
 
+
 
 
W
C
 
(a)            (b) 
 
Figure 15 Vertical section of the WC/Co phase diagram with (a) 6wt%Co and (b) 10wt% Co [40, 
37]. 
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2.8.2 WC Grain Size and Co content 
 
The performance of WC/Co alloys highly depends on the WC grain size of the WC and the Co 
content. In general, a finer WC grain size increases hardness whereas increasing the Co content 
increases toughness but with decreased hardness. A summary of the room temperature properties of 
WC/Co showing the relationship of hardness with the inverse square root of the mean WC grain 
size and with Co content are shown in Figures 16 and 17 respectively [18, 65, 95].  
 
Comparison of hardness and toughness with varying Co content and with varying WC grain size 
are shown in Figures 18 and 19 respectively. In summary, hardness decreases with increasing Co 
content but toughness increases, whereas, hardness decreases with increasing WC grain size but 
toughness increases. 
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Figure 16 Relationship of hardness and WC grain size (arithmetic mean linear intercept) [18]. 
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Figure 17 Relationship of hardness and Co content [18]. 
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Figure 18 Effect of Co content on room temperature hardness and fracture toughness [10]. 
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Figure 19 Effect of mean WC grain size on the room temperature hardness and fracture toughness 
[18]. 
 
 
 
2.8.3 Effect of Added Dopants 
 
Dopants are often added to improve corrosion resistance and control grain growth of the WC grains 
during sintering. Such metal alloys added to inhibit WC grain growth include VC, TaC, or Cr3C2, 
and these alloys, together with the addition of Ni also have the effect of altering the morphology of 
the WC grain [26, 13].  
 
Other grain growth inhibitors in the form of cubic carbides such as TiC, ZrC and NbC were also 
studied [30] and the effect of these cubic carbides in the hardmetal’s oxidation resistance are 
reported [31]. However, additions of greater than 2 wt% V can become detrimental as it can 
produce large (W, V)C grains during sintering, forming a very brittle material [32]. 
 
 
2.8.4 Corrosion of WC/Co 
 
The corrosion of WC/Co may be a concern where the tool material is exposed to aqueous 
environments such as when a coolant is used in its manufacturing operation. In general, the 30 
 
corrosion rate of WC/Co increases with lower pH values (Figure 20) and that the WC hard phase is 
more resistant to corrosion as compared to its binder phase constituent. The corrosion rate is also 
affected by the presence of other materials such as nickel or chromium wherein addition of these 
suppresses corrosion rate. In addition, the corrosion rate of WC/Co in various acidic media differ 
because of several factors [10] such as differences in the WC grain size, amount of W dissolved in 
Co, different amounts of WC grains dislodged during immersion tests and extrapolations involved 
in the determination of corrosion rate from electrochemical tests.  
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Figure 20 Corrosion rates of straight grades of WC/Co as a function of pH [10, 60]. 
 
 
 
A detailed study on the effect of various corrosive media with various pH values and presence of 
abrasive media was conducted by Gant, et al [127]. In this report, the volume loss from the action 
of corrosive media and abrasive medium such as sand becomes more pronounced at lower pH 
levels (e.g. <pH6.3). In the presence of corrosive media with an abrasive which is shown in Figure 
21, wear decreases with increasing hardness at all pH levels.  
 
It  can  be  inferred  from  this  that  the  ability  of  WC/Co  to  resist  wear  in  the  presence  of  either 
corrosive media and/ or abrasive media decreases with decreasing pH and can be averted to some 
extent by increasing its hardness. 
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Figure 21 Volume loss vs. HV30 for various media + 50/70 silica sand [127]. 
 
 
 
2.8.5 Oxidation of WC/Co at High Temperatures 
 
The range of temperatures where WC/Co based hardmetals are used can be as high as 1000˚C and 
oxidation behaviour at this temperature range becomes critical. Oxidation studies conducted at 
800˚C in air [8] showed that addition of Ni to the Co binder slightly improves oxidation as 
compared to a pure Co binder. Furthermore, addition of TiC or TiN also increases oxidation 
resistance of WC/Co.  
 
In this study, the WC/Co hardmetal samples were tested in high vacuum conditions to prevent 
oxidation. In addition, Ar is flushed into the chamber for about three times before commencing the 
experiment. This method was found to be effective in preserving the surface finish of the samples 
(i.e. no surface oxidation) during the annealing stage using a high vacuum furnace. 
 
 
2.9 Hot Hardness of WC/Co Hardmetals 
 
Temperature has a profound effect on the hardness of WC/Co hardmetals. Since wear is found to be 
strongly influenced by the hardness of WC/Co hardmetals, the determination of the temperature 32 
 
dependence of hardness (also called hot hardness) becomes important.  
 
Several authors have conducted hot hardness measurements of various grades of WC/Co 
hardmetals [20, 100, 104, 120]. The results show dependence of hardness on temperature which 
becomes more profound at temperatures >500°C. Due to the lack of a commercially available 
equipment to determine the hot hardness of WC/Co hardmetals, it is difficult to directly compare 
results from each author due to the differences in test systems.  
 
Figure 22 shows a summary of the hot hardness data of a 6wt%Co WC/Co hardmetal. The 
variations of data show that the results are not directly comparable. First of all, the hardness values 
of comparative materials from different authors (e.g. 1.26WC/6Co and 1.2WC/6Co) significantly 
vary from one another. The temperature to which the hardness drops more rapidly varies from one 
author to another. In another case, a result shows a linear dependence of hardness.  
 
 
 
 
 
Figure 22 Temperature dependent hardness of WC/Co hardmetals [20, 104, 120]. 
 
 
 
There are many factors that could contribute to these variations. A detailed description of the test 
procedure is very important and is not explicitly described on most of these papers. As noted in 
Figures 16 and 17, the WCags and wt%Co has a strong influence on the hardness values, thus, the 33 
 
correct determination of these parameters is important.  
 
The method of determining the WCags on some of these results was also not verified so that the 
distribution of WCags for example was not accounted for, in some cases, there was no mention of 
the actual WCags, only referring to it as fine-grained and coarse-grained samples [120]. It is also 
important to note the difference in the load and the loading rate used in these experiments which 
could significantly alter the hardness values obtained and the test load as well as the load 
application was found to vary from each author [20,100,104,120]. Further discussions on the effect 
of these parameters on hardness are detailed out in chapter 3 of this thesis. 
 
Milman et al [104] tested various WC/Co hardmetals using various test loads of 200N and 60N 
with a loading rate similar to the conventional Vickers hardness test system. The results of the 60N 
load tests are summarized in Figure 23. The general trend shows a rapid decrease in hardness at 
temperatures ≥600°C on three samples apart from the 6wt%Co/1.26WCags which is at 
temperatures ≥500°C.  
 
 
 
 
 
 
Figure 23 Hot hardness of various WC/Co hardmetals by Milman, et al [104]. 
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It was observed that the finer grained samples have a more rapid decline in hardness at 
temperatures ≥500°C compared to the coarse-grained samples. There appears to be a sudden 
increase in hardness at 300°C for the 6wt%Co but was not explained. This is possibly due to 
measurement errors, considering that the number of repeats in the test was not mentioned and no 
information on how the sample and indenter temperatures were monitored to ensure both is at 
equilibrium temperature before testing.  
 
In general, the effect of WCgs on the decrease in hardness is more profound compared to the effect 
of increasing the wt%Co. It is also notable that the two lines on each of the graphs are relatively 
parallel to each other which indicate that the two factors used in the range of temperatures tested 
have no significant interaction that could influence the hardness. 
 
A similar study by Lee [20] is summarized in Figure 24. The result of varying the WC grain size 
whilst maintaining a 6wt% Co shows that hardness decreases by ~ 2GPa when the WC grain size is 
increased from 0.8µm to 1.2µm, and from 1.2µm to 1.5µm. The hot hardness curves of these three 
materials follow a similar pattern up to about 500°C and begins to vary at temperatures >500°C. It 
shows that the smaller the grain size, the decrease in hardness at temperatures >500°C becomes 
more pronounced.  
 
The sample with the largest grain size (1.5WC/6Co) appears to have maintained a steady decrease 
in hardness from room temperature up to 900°C and is the least affected at temperatures >500°C 
whereas the 0.8WC/6Co sample had the most significant drop in hardness.  In a similar way, the 
two samples with 10wt%Co: 1WC/10Co and 3.5WC/10Co; showed that the fine-grained sample 
had a more rapid decline in hardness >500°C compared to the coarse-grained sample. 
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Figure 24 Hot hardness of various WC/Co hardmetals by Lee [20]. 
 
 
 
In summary, the hot hardness data of WC/Co collected from several authors show the following 
effect of WCgs and wt%Co: 
 
1. The WCgs has a significant effect on the hot hardness values obtained, the smaller the grain size, 
the higher the hardness obtained up to about ~500°C. At much higher temperatures (>500°C), the 
drop in hardness becomes more pronounced and becomes more aggressive for the smaller grained 
WC/Co. 
2. The effect of Co content also affects the hardness of the WC/Co hardmetals. The higher the 
wt%Co, the lower is the hardness obtained. 
 
These observations show that the effect of WCgs is not straightforward and that role of the Co 
content is not examined. At much higher temperatures (>500°C), there seems to be a change in the 
controlling factor which makes fine-grained sample not as hard as initially observed in the lower 
temperatures. 
 
In this thesis, this temperature dependent effect of WC grain size and Co content was carefully 
analyzed to provide a more systematic view on the matter. The two factors: WCags and wt%Co, 
were analyzed such that their main effects as well as their interaction effects can be obtained and be 
able to determine which factor controls hardness at certain temperatures and when does the 
interaction of the two variables becomes significant. 36 
 
2.10 Creep of WC/Co Hardmetals 
 
Prolonged high temperature exposure of WC/Co hardmetals during their in – service operation 
poses a great risk to its mechanical behaviour especially at temperatures where creep is important. 
Creep is generally significant a temperatures ≥ ~ 0.4 Tm for alloys and most ceramics [70].  
 
The eutectic melting temperature of a WC/Co system is about ~ 1270˚C as indicated in the phase 
diagrams of WC/Co hardmetals with 6 wt% Co and 10 wt% Co additions (Figure 15), thus 
appreciable creep can be observed at temperatures ≥ 500°C. At very high temperatures reaching 
1200˚C, severe plastic deformation has been observed to occur showing extensive intragranular 
fracture   [43].  
 
In this work, indentation creep was conducted on all four WC/Co samples (refer to chapter 3 of this 
thesis) that were used to obtain hot hardness and the plots of hardness versus dwell time were 
extracted. In order to determine the creep mechanisms involved in the WC/Co tested, an attempt 
was made to try to fit the existing indentation data with previously known models of creep. This is 
not straightforward however because of the following reasons: 
 
  Existing creep models are often derived from the conventional uniaxial test method 
whereas, indentation creep is multiaxial, this means that the level of stresses are much 
higher for the indentation creep tests; and, 
  Creep models are often performed on homogenous materials whereas WC/Co is a 
composite structure – a two-phase structure with greater percentage of the WC hard phase 
cemented by a small percentage of the Co matrix. 
 
The combination of these two factors allows analysis of indentation creep more complex. Thus, it 
is noted that in this review of literature for creep of WC/Co, other methods of creep measurement 
using multiaxial loading (such as bend testing) and their corresponding creep models were also 
discussed. Further still, due to the two-phase nature of the WC/Co hardmetals used, combined with 
high stresses incurred from the multiaxial loading of the indentation creep method, preliminary 
work was made to introduce a backstress concept and this method is also discussed in this section.  
 
In Frost and Ashby’s deformation mechanism maps [70], the creep mechanisms are generally 
categorized according to temperature. At low temperatures (~0.1Tm), plasticity can occur by 
dislocation movement and by twinning, whereas, at higher temperatures (~0.5Tm), power – law 
creep occurs by dislocation glide or glide plus climb, at much higher temperatures (~0.9Tm), 
diffusion flow can occur. The corresponding plots of strain versus temperature or strain rate versus 37 
 
temperature for stress controlled creep tests are illustrated in Figure 25. Thus, at high temperatures, 
for longer period of dwell time, a steady state creep is achieved and the strain rate approaches a 
constant value.   
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Figure 25 Relationship of γ (shear strain) and    (shear strain rate) of a material when  s   and T 
are prescribed at (a) low temperature, ~0.1TM and (b) high temperature, ~0.5TM   [70]. 
 
 
 
For a wide range of single-phase materials, steady state creep can be described by the following 
equation [10, 54]: 
 
   
   
            Equation 2 
 
Where  𝜀  is the creep strain rate, A and n are constants, σ is the applied stress, Q is the activation 
energy, R is the gas constant and T is the test temperature.  
 
For an isothermal test, the exponential form of Equation 2 becomes a constant resulting in  
 
 
?𝜀
??
= ?𝜎? 
              Equation 3   
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And in linear form, this equation takes the form 
 
 
???
?𝜀
??
= ???? + ????𝜎 
          Equation 4 
 
Therefore, a log-log plot of the creep strain rate versus σ provides the value of the slope n. The 
value of n can provide an indication of the creep mechanism involved in the material. For most 
metals, at low stresses where n~1, this could indicate pure diffusion creep and at higher stresses 
where n > 1,this could indicate power law creep with mechanisms other than pure diffusion such as 
grain boundary sliding [133].  
 
In a similar way, using Equation 2, the activation energy is usually obtained by a plot of the creep 
rate against 1/T. 
 
In evaluating the creep behaviour of WC/Co, Equation 2 has to be used with caution due to the 
complex structure of the WC/Co material being a two-phase system. This is reflected on the 
emergence of several empirical equations used to describe the creep data obtained, apart from 
Equation 2 which is discussed further.  
 
Previous creep studies done on WC/Co are most commonly done at temperatures >800°C up to 
very high temperatures approaching its melting temperature. These temperatures are beyond the 
test temperatures performed in this thesis however; these are discussed in this section to provide an 
insight on the various creep studies made on WC/Co hardmetals; and to provide an appropriate 
route in the creep analysis in this thesis. 
 
The most common method used in the creep tests of WC/Co is through bend tests [43, 103, 105, 
114, 115, 124, 134, 145, 147], some tensile creep tests [112, 113, 135], compressive creep tests [43, 
144] and to some extent, indentation creep combined with compressive creep at 600°C [54, 134, 
146] have also been conducted.  
 
It was found that Equation 2 has a good fit in some of these tests; however, the compressive creep 
studies on a 10wt%Co WC/Co made by Roebuck and Almond [135, 146] showed that their data 
fitted more closely to an expression of the type: 
   
     
        Equation 5 
 
Where A2, B2 and R are constants and Q is the activation energy.  39 
 
 
They discussed that this fit was consistent with a creep mechanism which is controlled by glide and 
climb of dislocations; and whereas the creep deformation of WC/Co is dependent on the WC grain 
size, Equation 2 has been developed to characterize single phase materials that are usually 
independent of grain size.  
 
This dependence on WC grain size was also reported on the 3 point bend creep test carried out by 
Lay, et al [43], but has used a different creep rate fit of the following form: 
   
   
            Equation 6 
 
Where  ???  is the WC grain size. 
 
Another variation of Equation 2 was proposed by Wirmark, et al [113] on their tensile creep studies 
of WC/Co at temperatures of 800°C - 900°C, wherein the following equation was more fitting of 
their data. 
 
 
𝜀 =
𝜎
?
+ ?𝜎???? −
?
??
  
          Equation 7 
Where   is the stress rate and E is the modulus of elasticity. 
 
In an indentation creep study conducted by Roebuck and Almond [54], hardness was used to 
identify the applied stress σ and the time dependence of hardness maybe converted to a form 
equivalent to Equation 2 by taking the creep strain rate as 
 
 
?𝜀
??
=
1
?
??
??
=
? ???
??
 
             Equation 8     
 
Where D is the indent diagonal. 
 
Once the creep strain rate is determined, the stress exponent n can be obtained from the slope of the 
plot of  
???
?𝜀
??    against ???𝐻 .   
       
Their results [54] show that a more quantitative comparison of compression and indentation creep 
of WC/Co hardmetals necessitates the determination of the constrain factor, m, in the relationship 
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  ?𝜎 = 𝐻               Equation 9   
 
Wherein for most WC/Co hardmetals, m ~2.5 at room temperatures tested in a standard Vickers 
hardness test, a slight deviation from the general relationship of hardness to the flow stress or yield 
stress shown in Equation 10 [26]: 
 
3𝜎 = 𝐻               Equation 10 
 
Their findings [54] comparing compression and indentation creep at 600°C show that a value of 1.5 
is more appropriate at higher temperatures (~≥600°C). As such, in this thesis, a coefficient of 1.5 
was used to relate the applied stress and hardness according to Equation 9 and the yield stress or 
flow stress was taken as the applied stress. 
 
𝜎? =
𝐻?
1.5
 
              Equation 11 
 
Where  𝜎?  is the applied stress. 
 
The various creep studies carried out on WC/Co hardmetals showed inconsistent results on the 
effect of WC grain size on creep but this could be due to variations in the test procedures conducted 
(i.e. difference in load, load rate and temperature) [134].  However, in most of the results obtained, 
the fine-grained hardmetals show better strength at low temperatures than the coarse-grained 
hardmetals; and at about 600°C, there appears to be a transition wherein the opposite is true at 
higher temperatures [134,115].  
 
It is interesting to note that a similar observation was found in the hot hardness studies of WC/Co, 
wherein at lower temperatures, WC grain size seems to be the controlling factor and at 
temperatures > 500°C, there appears to be a change in the controlling factors – no longer 
constrained to the WC grain size. This general behaviour is studied in detail in this thesis. 
 
The stress exponents of various WC/Co from several sources [43, 111-115] using various creep test 
methods were generally conducted at much higher temperatures that are beyond the scope of this 
thesis (>700°C) however, as these are the available data, the results are summarized in Figure 26. 
The values are found to have a wide scatter of data and because the test method and test conditions 
are not the same, the results are not directly comparable.  
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Comparing results from the same author, at a fixed Co content, WC grain size (WCgs) can have a 
significant effect on the stress exponent, although the result is not consistent. For example, for the 
12wt%Co and 15wt%Co [111] done under compressive tests, a finer WCgs shows a decreasing 
value of the stress exponent, whereas for a 10wt%Co, a finer WCgs shows an increasing value of 
stress exponent. However, despite this inconsistency, a general trend among all results shows that 
the stress exponent decreases with increasing temperature. 
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Figure 26 Stress exponents of various WC/Co hardmetals [43, 111-115]. 
 
 
 
The derivation of the activation energy for WC/Co is more limited and these results were 
performed at temperatures >500°C which is beyond the temperature range of this thesis. Figure 27 
shows a summary of activation energies obtained from various methods, namely: internal friction at 
temperatures of 577°C-777°C [124], tensile creep at temperatures of 800°C-900°C [113], bend test 
at temperatures of 1050°C-1350°C [43] and compression tests for various WC/Co hardmetals from 
800°C-1000°C [120].  
 
Due to the variations in the test procedures conducted and the various creep parameters used, the 
activation energy values obtained are not consistent but give a general trend that the activation 
energy increases with increasing temperature [43,113,120,124] and decreases with increasing 
WCgs [120].  42 
 
 
It is also interesting to note that the values obtained for the 8wt%Co and 20wt%Co done by the 
same author using compressive tests [120] were significantly lower compared to those obtained by 
other authors. The low values obtained from reference [120] discussed that this is due to the fact 
that the Co matrix has dissolved W and C atoms which could lower the activation energy for self-
diffusion. Upon examination of the test procedure used, this could also be explained by the use of a 
uniaxial compressive creep tests yielding stresses that are significantly less [136-140] than those 
obtained using multiaxial creep tests conducted by other authors [113, 43].  
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Figure 27 Activation energy of various WC/Co hardmetals [43, 113, 120, 124]. 
 
 
 
The presence of a two-phase system in WC/Co makes it difficult to analyse the creep behaviour 
using the creep rate form in Equation 2 which has been done on single-phase materials. And it 
appears that several authors have suggested various alternatives to get a good fit of data. As such, 
to further aid in the creep analysis of WC/Co, creep tests carried out on other multi-phase materials 
(i.e. superalloys) were examined.  
 
Several authors [14, 107-110] found that creep deformation is the result of an effective stress which 
is given by Equation 12 and the steady state creep rate equation is given by Equation 13.  
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  𝜎? = 𝜎? − 𝜎0                Equation 12  
  
 
𝜀 = ? 𝜎? − 𝜎0 ???? −
?
??
  
          Equation 13 
 
Where 𝜎?  is the effective stress, 𝜎?  is the applied stress and  𝜎0  is the backstress. 
   
As structural changes occur during steady state creep deformation of two-phase alloys, the effective 
stress producing deformation is reduced by the development of an internal stress or backstress 
acting in opposition to the applied stress resulting from the presence of second-phase particles and 
a defect structure within the material [107-109]. It is suggested that the internal stress measured in 
steady state creep of metals and solid solution alloys exhibiting metal class behavior represents a 
level of internal backward stresses acting in the soft regions, whereas in the hard regions, large 
forward internal stresses act [148]. 
 
It was found that the creep rate significantly lowers with time because the backstress is built up and 
gradually increases in magnitude as the deformation proceeds; whereby a possible reasoning is 
suggested for the ‘anomalously high’ apparent stress exponents in experimental creep data for 
metal matrix composites. [108].  
 
In the high stress region where power law creep is observed to be operative, the back stress is 
proportional to the applied stress and the rate of variation of 𝜎0 with 𝜎? , i.e. the value of 
?𝜎0
?𝜎?
  
 
was found to be ~ 0.25 at temperatures of 600°C to 625°C for an inconel superalloy [107].  
 
In this study, although various creep models were adapted to fit the acquired data on indentation 
creep, the values of the stress exponent obtained using these equations were anomalously large 
with values of up to n=30 at 500°C. In this first attempt to use a full set of data from 500°C - 700°C 
for the indentation creep study of WC/Co hardmetals, as mentuioned earlier in this section, due to 
the two-phase structure of WC/Co combined with high stresses incurred from the multiaxial 
indentation creep test, the incorporation of a backstress concept was also explored and added in the 
preliminary attempt to determine the stress exponent from indentation creep in chapter 6. However, 
this has to be approached with caution and this theory needs further work to include analysis of 
dislocation motion in the Co binder and WC grains using a more powerful machine such as the 
transmission electron microscope.  
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2.11  Summary 
 
The material of choice for most manufacturing and heavy machinery tools is undoubtedly still 
dominated by cemented carbides, particularly that of WC/Co. WC/Co tool production has been 
around since the 1920’s and many studies have looked at the properties needed by the 
manufacturing industries. However, most of these studies were done at room temperatures, and 
although wear characteristics of WC/Co at elevated temperatures have been made, it is not 
complete. 
 
One of the most important properties of WC/Co hardmetals relating to its wear performance is its 
hardness and its ability to retain hardness at elevated temperatures. In the actual operations where 
WC/Co hardmetals are used, although the procedure is done at room temperature, localised heating 
is experienced by the hardmetal when in contact with the workpiece material.  
 
In continuous cutting or machining operations for example, the tool experiences prolonged 
exposure to temperatures as high as 800ºC depending on its speed of operation, the higher the 
speed, the higher the temperature experienced and this can in turn drastically increase wear. 
Diffusion wear is considered a primary concern in these types of operation; however, loss of 
hardness, changes in the modulus of elasticity and creep behaviour at elevated temperatures are 
manifestations of other mechanisms occurring in the WC/Co system.  
 
In applications where heat is consistently experienced by the WC/Co tool material such as wire 
drawing and hot metal forming operations, hot hardness as well as creep have a direct impact on its 
wear performance. Thus, knowledge on the high temperature properties of WC/Co is extremely 
useful.  
 
In abrasive wear applications such as in drilling operations, hardness is an extreme determinant 
property of the WC/Co hardmetal’s  ability to withstand the operation and although localised 
heating occurs at lower temperatures than in cutting or machining, hot hardness at these 
temperatures still plays an important role.  
 
Although the importance of hot hardness and creep is widely accepted in the industry, their study 
has been limited and does not provide a definitive result with regards to the controlling factor at 
elevated temperatures, i.e. from room temperature up to 800°C. Moreover, creep data has also been 
done at temperatures >800°C and information on the creep properties and the effect of creep on 
hardness at temperatures 500°C - 800°C is lacking. This deficiency is primarily due to a lack of 
suitable equipment that is available to undergo these investigations. And in addition, temperature 45 
 
determination alone is a difficult task because of the interplay of the different materials that come 
into contact during manufacturing operations such as hot forming operations, cutting, machining, 
stamping, drilling, etc.  
 
The development of a suitable tool to measure actual temperatures is important. In a similar way, 
material property determination needs a suitable equipment to measure these temperature 
dependent properties. As shown in the literature review, attempts have been made to study the high 
temperature properties of WC/Co through hardness and creep measurements but they are not 
complete. 
 
One of the simplest methods of high temperature measurement is through high temperature depth 
sensing indentation that has the ability to measure hardness, elastic modulus, creep parameters and 
kinematic hardening to some extent. The development of this tool is one element of this research 
since up to now; suitable equipment capable of conducting microindentation tests from room 
temperature up to 1000˚C is not commercially available.  
 
At present, there are indentation machines that can undergo nano-level of indentation tests however 
the information that can be gathered is limited to the individual phases of the WC/Co material. The 
amount of wear that is experienced by WC/Co based hardmetals is usually so severe so that bulk 
property determination is more suitable. Building a test rig that can perform hot hardness at a 
micro-level is needed to perform these studies.  
 
Optimizing these methods of measurements is one of the key steps in helping the industry achieve 
its goal of increased productivity coupled with cost efficiency. The current economic climate is 
moving towards a leaner, greener and a more cost effective manufacturing system. This translates 
to less material, less downtime due to material loss or regrind or change, increased speed of 
operation and increased productivity.  
 
Research plays an important role in helping the industry achieve this goal by providing the 
necessary information in optimising the high temperature wear performance and identifying and 
minimising the limitations of these tool materials.  
 
Thus, the overall aim of this study is to apply the results from the systematic study of high 
temperature indentation and scratch tests to the development of an understanding of the wear 
behaviour of WC/Co hardmetals and related materials at elevated temperatures, addressing the 
industry’s needs in achieving their goal, as well as providing knowledge to the academia as a 
whole. This is outlined in Figure 28. 46 
 
Leaner system, higher 
productivity  cost 
reduction
Longer lasting materials, improved materials, 
better material selection but keeping cost to a 
minimum
Need materials with better ability to withstand 
high abrasive and high temperature wear
Better understanding of high temperature 
wear
Need the necessary equipment to conduct these 
studies
INDUSTRY GOAL
INDUSTRY NEEDS
Bridging the gap in understanding 
industry needs to achieve industry goal
Less material
Less regrind
Less downtime
Increased speed of 
production
Etc.
 
 
Figure 28 Overview of the role of this research in the overall goal of the industry.47 
 
3.0  METHODOLOGY 
 
This chapter discusses the experimental methods and materials used in this thesis which is divided 
into three areas, namely; room temperature scratch tests, temperature dependent indentation tests 
for hardness from room temperature up to 800°C and indentation creep at temperatures ≥500°C.  
 
In the materials section, the hardmetal samples, indenter materials and their preparation methods 
were included. Additional sections have also been included to incorporate various methods of 
scratch test, hardness and creep measurement methods and various factors that could affect 
measurement of hardness and creep using indentation tests. 
 
 
3.1 Materials 
 
There are two main materials that are very important in the experimental tests conducted, namely: 
the WC/Co hardmetal samples and the indenter materials. These two main categories are discussed 
in the following sub-sections. 
 
 
3.1.1 WC/Co Hardmetals 
 
Commercial grades of WC/Co hardmetals supplied by the BHRG were used in this study and were 
produced according to ISO standard 4505 with a porosity of <0.02vol%. There were two sets of 
samples used: one set for the scratch tests and another set for the indentation tests.  
 
The materials used in the scratch tests were selected on the basis of their availability and their 
significant difference in hardness – one having a fine-grained microstructure which is significantly 
harder (an error difference of about 37%) than its coarse-grained constituent. In addition, the large 
difference in WCags provides better comparison for microstructural analysis of damaged surfaces.      
 
For the indentation tests, four grades of WC/Co hardmetals were used and the distribution of 
WCags and wt%Co were chosen such that the results can be used to determine which of these is the 
controlling factor on the hardness and creep at elevated temperatures. This enabled a factorial 
analysis of variance of the hardness data which is discussed in section 6.2. Another consideration 
for the choice of WC/Co materials is their availability and commercial use in variety of 
applications which was shown in Figure 4.  The closer spacing of WCags compared to Co content 
reflects the stronger relationship of WCags with hardness, comparing Figures 16 and 17. 48 
 
 
The attributes of the WC/Co hardmetals used in this thesis is summarized in Table 1. In addition, 
sample microstructure of each of the samples used is shown in Figure 29, whereas, the distribution 
plot of the WC grain size measured from these images are shown in Figure 30 and the raw data 
used for WCags determination is discussed in detail in Appendix G of this thesis. 
 
 
 
Table 1 Attributes of WC/Co hardmetal samples. 
Material Code  Industry 
Code  Wt%Co  WCags 
(μm) 
HV30 
(Kgf/mm
2) 
Ave. Surface 
Roughness³ 
(μm) 
fine-grained sample¹  Mars6A  6  1.05  1576  0.01 
coarse-grained 
sample¹  Mars11E  11  5.28  980  0.01 
0.87WC/6Co²  Mars6A  6  0.84  1583  0.01 
0.87WC/10Co²  Mars11A  11  0.9  1294  0.01 
0.25WC/6Co²  HM220  6  0.23  2010  0.01 
0.25WC/10Co²  P90  9  0.26  ~2100  0.02 
 
¹  for scratch tests 
²  for indentation tests 
³  for  comparative  analysis  only  -  extracted  from  line  graph  using  3D  Olympus  LEXT 
microscope. 
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Figure 29 Sample SEM micrographs of WC/Co hardmetals for WCags determination: (a) 
0.84WC/6Co, (b) 0.9WC/11Co, (c) 0.23WC/6Co, (d) 0.27WC/9Co, (e) fine-grained sample and (f) 
coarse-grained sample. 52 
 
 
 
     
 
    (a)                  (b)   
 
 
 
      
 
    (c)                (d) 
 
  
 
 
    (e)                (f)   
 
Figure 30 WC grain size frequency distribution plots: (a) 0.84WC/6Co, (b) 0.9WC/11Co, 
(c) 0.23WC/6Co, (d) 0.27WC/9Co, (e) fine-grained sample and (f) coarse-grained sample. 
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3.1.2  WC/Co Sample Preparation 
 
Indentation and scratch tests are sensitive to the surface conditions of the material being tested and 
necessary preparations are needed to conduct the experiment. The sintered material has to be 
lapped at least 0.25 mm from the surface to ensure any surface defect present is removed. Full 
detail of the hardness measurement procedure which was used in these tests is given in ASTM 
standard B294 – 92 [8].  
 
The surface roughness has to be less than or equal to 0.2 μm to minimize scatter of data and that the 
surface should be mirror polished using a 220 – grit medium hardness diamond polisher. After 
polishing, the WC/Co hardmetals were annealed at 800°C for 1 hour in high vacuum to relieve any 
residual stress that may have induced during polishing [154].  
 
This method of sample preparation has been referred to in the preparation of samples for 
indentation tests and scratch tests performed in this thesis. 
 
 
3.1.3  Indenter Materials 
 
In a similar way with the WC/Co samples, there were two sets of indenter materials used in this 
thesis: one set for the room temperature scratch tests and another for the temperature indentation 
tests. 
 
Previous tests on high temperature indentation of WC/Co discussed in section 2.9 show that 
diamond is the material of choice for the indenter material. This agrees with Tabor’s [26] proposal 
that the hardness of the indenter should be 2.5 times that of the sample specimen and must be 
chemically inert. Haddow and Johnson’s work [142, 143] also found that permanent strains may be 
ignored if the indenter is 2.7 times the hardness of the sample specimen. 
 
At high temperature applications, diamond is known to oxidise rapidly in air above 700°C but 
could be used to up to 1500°C in high vacuum. Previous study [143] showed that diamond can be 
used up to 800°C in 10
-3 mm Hg, having 1000 indentations without appreciable deterioration.  
 
Synthetic sapphire is an alternative material; however, it has a lower hardness at high temperatures 
compared to diamond [142, 143]. Another alternative to diamond is cBN which remains hard at 
temperatures reaching 1850°C, but the main concern is the difficulty in producing cBN crystal 54 
 
sizes that are suitable for indentation tests [143]. Thus, diamond is the material of choice in the 
scratch tests and indentation tests carried out in this thesis. 
 
The indenters used in the scratch tests were obtained from commercially available polycrystalline 
diamond (PCD) indenters with two indenter tip radii of 10µm and 200µm. The use of PCD in the 
room temperature scratch tests also provided baseline information on the degradation behaviour of 
diamond. This is a concern in the high temperature indentation of WC/Co because the indenter 
material used is a naturally occurring diamond Vickers indenter.  
 
The indentation tests on the other hand uses a four-sided pyramid indenter also referred to a 
Vickers indenter which is made of a single crystal natural diamond.  Each of the indenters were 
imaged and analysed prior testing in order to check for actual tip dimensions and that there are no 
surface aberrations present (e.g. foreign matter or chips/ cracks). Sample images of the indenters 
with the corresponding profile shape measurement are shown in Figures 31, 32 and 33 for the 
10µm radius indenter, 200µm radius indenter and Vickers indenter, respectively. In addition, a 
summary of the indenter attributes is shown in Table 2. 
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(a) 
 
 
(b) 
 
            (c) 
 
Figure 31 Images (a) and (b) and line profile (c) of a 10µm radius tip diamond indenter with the 
dotted line showing the superimposed ideal tip geometry. The line drawn across the image in (b) is 
where the line graph of (c) was measured. 
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(a) 
 
 
(b) 
 
 
 
            (c) 
 
Figure 32 Images (a) and (b) and line profile (c) of a 200µm radius tip diamond indenter with the 
dotted line showing the superimposed ideal tip geometry. The line drawn across the image in (b) is 
where the line graph of (c) was measured. 
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      (a)            (b) 
 
 
 
(c) 
 
Figure 33 Images (a) and (b) and line profile (c) of a Vickers diamond indenter with magnified 
view of the tip profile. The line drawn across image (b) is where the line graph of (c) was 
measured. 
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Table 2 Summary of attributes for the indenters. 
Indenter 
Name
Indenter 
material
Experiment used
Indenter 
tip shape 
verified?¹
Measured 
global 
radius* 
(µm)
Indenter re-
polished and 
re-calibrated 
prior test?
room temperature scratch 
experiment 1
Yes
199+/-
0.13
-
mlti-pass room temperature 
scratch experiment 2 on fine-
grained sample
Yes
199.5+/-
0.13
-
multi-pass room 
temperature scratch 
experiment 2 on coarse-
grained sample
Yes
197+/-
0.13
-
multi-passroom temperature 
scratch experiment 3 on fine-
grained sample
Yes 10+/-0.13 -
multi-pass room 
temperature scratch 
experiment 3 on coarse-
grained sample
Yes 10+/-0.13 -
Vickers 
indenter
Natural 
single 
crystal
hardness and creep test from 
room temperature up to 
800°C
Yes -
Yes - after 
test 
conducted at 
≥700°C
¹ using 3D Olympus LEXT confocal microscope
200µm radius 
indenter
10µm radius 
indenter
PCD
PCD
 
 
 
 
3.2 Experimental Procedure/ Method 
 
As previously mentioned, the test methodology covers three main areas, namely; room temperature 
scratch tests, temperature dependent indentation tests for hardness from room temperature up to 
800°C and indentation creep at temperatures ≥500°C. Referring to the overview of objectives 
summarized in Figure 1 of this thesis, the flow of activities needed to accomplish these is 
summarized in Figure 34 (green shaded boxes). The general features of each of these activities are 
also shown in Table 3 and further discussion of each of these areas is outlined in the following sub-
sections. 59 
 
 
Room Temperature Wear
To obtain an understanding of the high temperature wear of WC/Co hardmetals and related materials
High Temperature Wear
Room Temperature 
indentation Tests
High Temperature 
Indentation Creep Tests
High Temperature 
Indentation Tests
High Temperature Scratch 
Tests
New Equipment Design, Build, Calibration and Conditioning
For future work
Multiple pass scratch 
test s using 200μm radius 
diamond indenter tip
Room temperature scratch tests using
existingscratch test machines
Single pass scratch test using 
200μm radius diamond indenter tip
Multiple pass scratch 
test s using 10μm radius diamond 
indenter tip
Temperature dependent indentation tests from room temperature 
up to 800 C (covering both indentation hardness and creep tests)
Temperature dependent indentation hardness test
Temperature dependent indentation  creep test
 
Figure 34 Overview of experimental methodology (green shaded box).60 
 
 
 
Table 3 Overview of tests conducted. 
 
Experiment Name  Sub-category of Experiment 
Load 
used (N) 
Method of analysis 
available for both sample 
and indenter 
Room temperature 
scratch tests 
Using 200µm radius 
indenter 
30 
3D imaging, EDX, SEM, FIB, 
SIMMS, EBSD 
Using 10µm radius indenter  0.05 
Temperature dependent 
indentation tests 
Indentation hardness  5 
Indentation creep  5 
 
 
 
 
3.2.1 Room Temperature Scratch Tests 
 
The scratch tests using the 200µm radius indenter were carried out using an ST 3001 macro scratch 
tester from Teer Coatings Ltd which is presented schematically in Figure 35. A similar set-up was 
used in the scratch tests using the 10µm radius indenter which can accommodate lower loads. In 
both set-up, the sample was clamped on the stage and the stage can be moved in the x and y 
directions.  
 
 
 
indenter
xand y stage
sample
sample stage
load sensor
acoustic emission  
sensor
vertical motor
 
Figure 35 Schematic diagram of the scratch test machine. 
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In the operation of this machine, the indenter arm manually lowered down until it was about 1-
2mm above the sample before the test is initiated. The indenter was then slowly lowered until it 
found the surface of the sample and the load was slowly applied. As soon as the desired load was 
reached, the sample stage moved to the selected direction of motion to allow the stylus to slide over 
the surface of the sample. The instantaneous applied load, instantaneous depths of stylus tip from 
the surface and dynamic coefficient of friction was monitored by the equipment.  
 
An outline of activities in the single-pass scratch test using the 200µm radius indenter is shown in 
Figure 36 and shows two categories; the first one used one indenter to test both the fine-grained 
and coarse-grained samples and the other method used separate indenters for each of the samples. 
On the other hand, the multiple scratch tests follow the procedure outlined in Figure 37 wherein 
separate indenters were used for each sample. A summary of the parameters used in the room 
temperature scratch tests is also shown in Table 4. 
 
Each pass is equivalent to a 5mm travel and the multiple pass scratch tests were carried out using 
reciprocating motion (i.e. the stylus travels to and fro without lifting). After each multiple pass 
scratch test (one multiple pass test can either be a 2-pass test, 5-pass test or 10-pass test) the 
indenter was imaged, cleaned and re-imaged before it was used for the next multiple pass scratch 
test. For example, after the 1-pass test, the indenter was imaged, cleaned and imaged again before 
proceeding to the 2-pass test and so on to the 5-pass and 10-pass tests. 
 
Wear on the samples were then examined using a 3D confocal microscope for surface morphology 
and SEM imaging to give information on the wear mechanisms involved whereas EDX and FIB - 
SIMS analysis were conducted to probe more information on the tribo-layer generated on the 
surface of the scratch.  
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Conduct single pass scratch on coarse 
grained sample
Conduct single pass scratch on fine 
grained sample
Preparation of samples
Single pass scratch test using one
indenteron both samples
Single pass scratch test using 200μm radius diamond
Single pass scratch test using separate
indentersforeach sample
Imaging of indenter tip A
prior scratch using SEM, 3D 
imaging and surface 
elemental analysis using 
EDX
Conduct single pass scratch 
on fine grained sample
Conduct single pass scratch 
on coarse grained sample
Imaging of indenter tip B
prior scratch using SEM, 3D 
imaging and surface 
elemental analysis using 
EDX
Preparation of samples
Post-processing and analysis of results
* Post-processing of data
* Imaging of indenter tips A and B and 
scratched regions using SEM, 3D 
surface imaging and elemental analysis 
using EDX 
Imaging of indenter tip prior scratch 
using SEM, 3D imaging and surface 
elemental analysis using EDX
Post-processing and analysis of results
* Post-processing of data
* Imaging of indenter tip and scratched 
regions using SEM and 3D surface 
imaging
 
 
 
Figure 36 Methodology for room temperature single pass scratch test using 200µm radius indenter. 
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Imaging of indenter tip A
prior scratch using SEM, 3D 
imaging and surface 
elemental analysis using 
EDX
Conduct single pass scratch 
on fine grained sample
Imaging of indenter tips A and B using SEM, 3D imaging and 
surface elemental analysis using EDX
Conduct single pass scratch 
on coarse grained sample
Sample preparation of fine and coarse grained samples
Imaging of indenter tip B
prior scratch using SEM, 3D 
imaging and surface 
elemental analysis using 
EDX
Repeat this loop but 
using the following 
number of scratch 
passes successively:
2 passes
5 passes
10 passes
50 passes
Repeat this loop but 
using the following 
number of scratch 
passes successively:
2 passes
5 passes
10 passes
50 passes
Multiple pass scratch test using separate indenters A and B for each sample tested
(the same test procedure for the 200μm radius and 10μm radius indenter)
Post-processing  and analysis of results
* Post-processing of data
* Imaging of indenter tip and scratched region using SEM, 3D 
surface imaging, EDX, FIB and SIMMS 
 
 
Figure 37 Methodology for room temperature multiple pass scratch tests (the same methodology 
was used for the multiple scratch tests using the 200µm and 10µm radius indenter). 
 
 
 
Table 4 Summary of parameters used in the room temperature scratch tests. 
 
Parameters  200µm radius indenter  10µm radius indenter 
Load, N  30  0.05 
1 pass scratch length, mm  5  5 
Scratch velocity, µm/s  83.3  83.3 
Number of scratch passes for 
multiple pass scratch tests   1, 2, 5, 10  1, 2, 5, 10 
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3.2.2 Temperature Dependent Indentation Tests 
 
The temperature dependent indentation tests were carried out using the newly built 
machine and a discussion of the design, build and commissioning of this machine is dealt 
with separately in chapter 4 of this thesis. On the other hand, the flow of activities used in 
the temperature indentation tests covering both indentation hardness and indentation creep 
tests is shown in Figure 38.  
 
In addition, the various methods of hardness and creep measurements as well as possible 
sources of error associated with their measurement from the newly built machine are 
discussed in detail in sections 3.4 and 3.5 of this thesis. 
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Repeat loop until 
tests are done at 
all desired 
temperatures
Preparation of samples and indenter (refer to materials section for 
details) 
Set-up machine 
(e.g. Vacuum settings, Ar purging, indenter positioning, etc. - refer 
to chapter 4 of this thesis for details)
Room temperature indentation test
Increase temperature to desired setting until a stable temperature 
is reached on both indenter and sample furnaces
(allow minimum of 30 minutes soak time at desired temperature)
Perform indentation hardness test if required
Perform indentation creep test at temperatures ≥500 C if required
Post -processing  and analysis of results 
•Post-processing of load-displacement curves
•3D imaging of indents
•assessment of indenter if tests were carried out at temperatures 
≥700 C
•* SEM, EDX, FIB, EBSD analysis of indent
(note that both FIB and EBSD are destructive tests)
Temperature dependent indentation tests from room temperature up to 800 C 
(covering both indentation hardness and creep tests)
 
 
 
Figure 38 Methodology for high temperature indentation tests covering both indentation hardness 
and indentation creep tests. 
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3.3 Wear Measurement from Scratch Tests 
 
The volume removed from the sample in the scratch test, V, was calculated using Equation 14. 
 
  ? = [?1 −  ?2 + ?3 ] ∗ ?           Equation 14 
 
Where A1 is the area of the scratched region, A2 and A3 are the cross-sectional area of pile-up and L 
is the length of the scratch which is illustrated in Figure 39. 
  
 
 
Area 1 (A1)
A2 A3
 
 
Figure 39 Line profile showing the cross-section of a scratch, wherein, A1 is the scratched area and 
A2 and A3 are the pile up areas. 
 
 
 
Wear rate is then obtained using the following equation [47]: 
 
 
? =
?
??
 
              Equation 15     
 
Where   is the wear rate, V is the volume removed, P is the applied load, and L is the total length 
of travel. 
 
 
3.4 Hardness Measurement Methods 
 
The early work of Tabor   [26] on the hardness of metals has provided significant insight into the 
importance of hardness measurements in determining the mechanical properties of metals. It has 
provided a detailed account of the different indentation tools available and what these hardness 
measurement results imply.  
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The results of previous hot hardness data of WC/Co presented in section 2.9 were all based on 
conventional method of measuring the indent diagonals using either a built in or independent 
optical microscope enhanced with an image analysis software. In these cases, it was assumed that 
indent pile-ups were included in the measurement.  
 
With the recent advancement of imaging technologies, it is now possible to measure indent sizes in 
the nanoscale. This better accuracy and resolution enables the measurement of indent diagonals 
with and without the pile-up which is otherwise not available with an ordinary optical microscope.  
 
In this thesis, there were two ways in which hardness values can be determined using the depth 
sensing machine: using 3D imaging and using the load-displacement curves. These are discussed in 
the next two sections. 
 
 
3.4.1 Using 3D Imaging  
 
At the end of the hardness tests, the sample was removed from the test system and the indents were 
scanned and measured using a LEXT 3D confocal microscope to measure the length of the indent 
diagonals. Figure 40 shows sample images taken from this microscope at room temperature. In the 
same way, Figure 41 shows a set of images for the indents taken at 700°C which illustrates the 
difference in the size of the indents. 
 
 
15µm
 
15µm
 
      (a)                              (b) 
Figure 40 Sample images taken from the confocal microscope for indents obtained at room 
temperature (a) 2D texture map, and (b) 2D height map. 
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15µm
 
15µm
 
      (a)                     (b) 
 
Figure 41 Sample images taken from the confocal microscope for indents obtained at 700°C (a) 2D 
texture map, and (b) 2D height map. 
 
 
 
The LEXT 3D confocal microscope has a lateral resolution of 10nm so that when a line scan profile 
is taken from an indent, it has sufficient accuracy to measure the indent diagonals including pile-up 
accumulated at the corners of the indent as shown in Figure 42.  
 
 
 
 
Figure 42 Line profile taken across the diagonal indent giving two values: with pile – up and 
without pile – up. The inset image illustrates where the line profile was obtained. 
 
 69 
 
 
Two measures of the diagonal were made, so that in the pile-up around the indent was ignored for 
one value, and the other using the peak–to–peak measurement including the pile–up around the 
indent. Both results are reported in this thesis. 
 
The Vickers Hardness value was obtained using the following equation: 
 
 
2
8544 . 1
d
P
A
P
HV             Equation 16 
Where A is the projected area, d is the diagonal of the indent and P is the applied mass. 
 
 
3.4.2  Using Load – Displacement Curves 
 
Depth sensing indentation has been widely used in nanoindentation analysis wherein the indents 
are too small to be measured optically. This type of test is particularly useful in indentation tests for 
coatings, for single phase materials or for testing the individual phases of multi-phase materials 
such as WC/Co.  
 
In this study, analysis of hardness and creep were done using measurements obtained from indent 
images. However the depth sensing capability that was incorporated in the new machine enables 
further verification and comparison load – displacement curves with measurements obtained from 
the indent images. Therefore, an understanding of how the load-displacement curve is analysed is 
presented in this sub-section.  
 
A typical load – displacement data obtained from preliminary depth – sensing indentation tests of a 
WC/Co hardmetal, comparing room temperature versus high temperature measurements are shown 
in Figure 43. The analysis of a load – displacement curve can be better understood by comparing 
the parameters obtained from this as shown in Figure 44 and correlated to measurements obtained 
from the cross-section of an indentation process which is shown schematically in Figure 45 [27, 
72]. 
 
 70 
 
 
0  10  20  30  40  50 
0 
1 
2 
3 
4 
5 
6 
Displacement (μm) 
 RT 
 800  
o  C 
L
o
a
d
 
(
N
)
 
Loading
Unloading
Dwell at maximum load for creep measurement
 
Figure 43 Schematic diagram of load – displacement curves comparing data at room temperature 
and 800°C [17]. 
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Figure 44 Schematic of a load-displacement curve. 
h
p =  permanent depth after unloading              h
e =  elastic displacement during unloading 
h
m = maximum displacement during loading                         h
c = depth profile of indenter during unloading  
         at maximum load                                                                    at minimum load          
h
i   = x intercept of dP/dh                                                         ε = intercept factor (h
c- h
i), 0.75 for Vickers 
indenter 
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Figure 45 Cross – section representation of an indentation process with sink – in where a is the 
permanent width of diagonal impression and b is the width of projected area of indenter from h
p 
[27, 72]. 
 
 
 
During indentation, the indenter sinks in to the material until it reaches the peak load that is shown 
in the loading curve of the load – displacement curve. During unloading, the elastic deformation 
previously experienced by the material is recovered. The unloading curve therefore represents a 
purely elastic deformation that can be related to the elastic response of the material whereas the 
plastic deformation is a representation of the hardness of the material [27, 72]. 
 
As opposed to a conventional hardness tester, in depth – sensing indentation, the area of contact is 
calculated by measuring the depth of indentation and correlated to the known geometry of the 
indenter using Equation 15. Using the information in Figures 45 and 46, hardness maybe derived 
using Equations 17 and 18 simultaneously [76].  
 
? = 24.504ℎ?
2 
              Equation 17 
 
Where  
 
ℎ? = ℎ? − 𝜀 
? ???
?
  
                        Equation 18   
The Vickers hardness is therefore expressed in the following equation:  72 
 
𝐻? =
?
24.504ℎ?
2 
             Equation 19 
It is also useful to note that for a Vickers indenter geometry which was used in this study, the 
relationship of indent diagonal to its depth based from the indenter geometry is given by: 
 
2? = 7 ∗ ℎ?               Equation 20 
 
Further development of this tool emerged to include high temperature depth – sensing indentation 
test capability with several studies [15, 41] done to determine the high temperature properties of 
materials, however, these are limited to low load tests of up to 2N.  
 
A comparison of the key features of commercially available high temperature depth sensing 
indentation test systems [154, 155] with the indentation test system built as a result of this thesis is 
shown in Table 5. The properties commonly derived from depth – sensing measurements are 
hardness and elastic modulus and to some extent includes other mechanical properties such as 
strain hardening components, creep properties [52, 71] and residual stresses   [45]. 
 
 
Table 5 Comparison of high temperature indentation test systems. 
 
Key Features  Machine built 
from this thesis 
Micro Materials 
NanoTest®¹ 
Hysitron 
TriboIndenter®¹  Nikon QM-2² 
Load range  0.1N - 20N 
10 μN-500mN with 
high load option of 
0.2-20N 
≤30 nN to 10 N  ~0.5N – 10N 
Temperature 
Range  800°C  750°C  400°C  ~1200°C 
Environment 
Inert atmosphere 
(Ar), vacuum 
pressure up to 
5x10
-4mbar 
Dry, humid (15-80% 
RH), 
inert atmosphere (Ar, 
N2), 
low oxygen 
atmosphere 
(0.1% min) 
-  Vacuum 
Depth Sensing 
Capability  Yes  Yes  Yes  No 
Loading Rate 
Control 
Yes (up to 
0.04N/s)  Yes  Yes  No 
Indenter Furnace  Yes  Yes  -  Yes 
¹ data obtained from datasheets available from manufacturer website [154, 155] 
² data obtained from researchers who used the machine and may have added modifications to the 
existing machine 
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3.5  Factors Affecting the Measured Hardness Values 
 
Several factors affecting hardness measurement are presented in the following sections. These 
factors were considered in the parameter set-up of indentation tests carried out in this study. 
Moreover, these explain some variations of results of hardness obtained from other authors in 
chapter 6.  
 
 
3.5.1  Indentation Size effect 
 
When comparing hardness values, it is important that the user specifies all parameters used in the 
test. The measured hardness of some conventional hardmetals are reasonably independent of load 
in the range of 5-50Kgf however, at much lower loads of ≤5N, the hardness values are significantly 
higher than if tested at a load of about 294.3N (HV30). To illustrate this effect, in a series of 
various hardness tests carried out at room temperature [125], it was found that hardness varies with 
load according to Figure 46. This dependence of hardness on load is often termed as the indentation 
size effect (ISE). 
 
The ISE is not yet fully understood [154] and this could be accounted to several factors such as 
presence of strain hardening or residual stresses arising from specimen preparation, presence of 
very thin oxide layer with significant difference of mechanical properties from the bulk material or 
possible friction between the indenter and specimen [27]. In this study, careful specimen 
preparation is observed as well as the incorporation of annealing stage in order to reduce the 
presence of residual stresses arising from sample polishing. In addition, a constant load of 5N was 
used in order to minimize this ISE and be able compare the hardness data of the WC/Co hardmetal 
samples. 
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Figure 46 Dependence of hardness on load on a 6wt% Co – 94wt%WC sample [125]. 
 
 
 
3.5.2  Loading Rate 
 
Loading rate is also a factor that can affect the hardness obtained on the sample. In a study on the 
effect of loading rate on three significantly different materials such as steel, aluminium oxynitride 
and silicon carbide [91], it was shown that very little or negligible change on the hardness values 
(HV0.5) was obtained using various loading rates of ~0.02 – 7.8 N/s.  
 
In a separate study of the Vickers hardness of float glass as a function of indenter displacement rate 
(0.2 – 10µm/s) from room temperature to 554°C [152], it was found that hardness increased with 
increasing indenter displacement rate and the rate of increase becomes more profound as the test 
temperature is raised.  
 
Due to this conflicting result from literature, in this study, in order to obtain comparative results 
across all samples tested, the loading rate was held constant at 0.08N/s. This is also due to the 
limitation of the machine to vary the loading rate to an appreciable degree. With this consideration, 
it will be noted that comparing these results with other hot hardness data from literature is not 
straight forward due to differences in this parameter. 
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3.5.3  Imaging Method for Indent Size Measurement 
 
Other factors that may affect hardness values is the type of measurement tool used to measure the 
diagonals. In Figure 47, hardness measurements using various 2D imaging tools available in NPL 
[125] can have a significant variation in the hardness values used. Although this source of variation 
appears to be less dominant than the indentation size effect, in this thesis, to avoid this potential 
source of error, measurement of indent diagonals on all samples tested is limited to the use of a 3D 
LEXT confocal microscope. 
 
 
 
 
Figure 47 Comparison of hardness measurements using various 2D imaging tools on a 6wt%Co-
94wt%WC [125]. 
 
 
 
3.5.4  Effect of Indent Pile-up 
 
The presence of pile – up has been widely discussed in nanoindentation tests [27, 92, 94-95, 150] 
and can have a significant effect on the computed hardness of the material. This is because 
nanoindentation tests usually rely on the penetration depth of the indenter (from load-displacement 
curves) to compute for the area of contact which does not take into account the material pile-up 
around the edges of the indent.  
 
The piling up of materials surrounding the indent has been accounted to the strain hardening 76 
 
properties of the material, i.e. for a fully annealed metal with strain-hardening exponent > 0 [27]. 
Strain hardening or work hardening is the occurrence wherein the shear stress required to produce 
slip continuously increases with increasing shear strain [92]. For materials that exhibit strain 
hardening such as the samples used in this thesis, as the indentation process proceeds and the 
amount of deformation increases; the material within the plastic zone becomes ‘harder’ whereas the 
outermost regions surrounding the plastic zone become ‘softer’, which are then susceptible to 
plastic deformation as the indentation progresses [27]. The quantification of material pile-up from 
the load – displacement curves maybe referred to reference [27].  
 
In this thesis, in order to account for the presence of the indent pile-up observed, hardness was 
evaluated from both measurements of indent diagonals with and without pile-up.  
 
 
3.5.5 Effect of Creep 
 
The effect of indentation creep on the hot hardness of WC/Co hardmetals has not been investigated 
until now. This is an important finding in determining the extent of creep at temperatures ≥500°C 
(or ≥0.4Tm WC/Co) for WC/Co. The results are covered in chapter 6 of this thesis. 
 
 
3.5.6 Indenter Tip Geometry 
 
The effect of indenter tip radius on hardness is significant when the load – displacement curve 
analysis is used due to its effect on the area of contact in Equation 16. Preliminary tests conducted 
in this thesis shows that blunting of the indenter tip is possible when two sets of tests are performed 
at temperatures ≥700°C. This is further discussed in section 4.3.6 of this thesis.  
 
 
3.6  Indentation Creep Measurements 
 
Indentation creep was performed by varying the dwell times at the peak load (at 5N) using dwell 
times of 5s, 15s, 60s, 120s and 300s and corresponding dwell times conducted at 10% of the 
maximum load were incorporated to determine the effect of thermal drift. In the analysis of the 
preliminary tests conducted for indentation creep, the indent diagonals were measured at each test 
condition (at each temperature, and dwell time at constant load) and the hardness values were 
calculated using Equation 16. A more detailed discussion of indentation creep is found in chapter 6 
of this thesis. 77 
 
 
3.7 Summary 
 
In summary, three tests were conducted in this thesis, namely: room temperature scratch tests, 
indentation hardness tests and indentation creep tests. The materials used in these were selected for 
their variation in hardness and their commercial availability. Furthermore, in the indentation tests, 
the materials were selected to provide a significant spread of WCags and wt%Co combination for 
the determination of the rate controlling factor at various temperatures via statistical analysis. 
 
Various indenter materials were also discussed and the material of choice for scratch and 
indentation tests was diamond, due to its high hardness value as well its ability to retain its high 
hardness at elevated temperatures. In addition, diamond is a well-established indenter material and 
is commercially available.   
 
Moreover, there are various factors affecting hardness measurement and care must be made in 
order to provide a consistent method of measurement. One of the significant findings in the scratch 
tests reveals presence of surface damage on the diamond indenter tip. Therefore, inspection of the 
indenter tip was added in the methodology to ensure that blunting of the indenter tip is accounted 
for. In the indentation tests, pitting of the indenter tip becomes apparent at temperatures reaching 
700°C and this was remedied by re-polishing and calibrating the indenter after each test reaching 
≥700°C.  
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4.0 HIGH TEMPERATURE DEPTH SENSING INDENTATION TEST EQUIPMENT: 
DESIGN, BUILD, CALIBRATION AND CONDITIONING 
 
 
The lack of full understanding of the high temperature wear of WC/Co is mainly due to the 
unavailability of a suitable machine to perform high temperature experiments. A few researchers 
have performed high temperature hardness tests and creep tests but the results are inconsistent. It is 
also difficult to verify these results because as of the writing of this thesis, there is no commercially 
available machine that can perform micro to macro indentation tests up to 800°C in high vacuum 
conditions. 
 
One of the aims of this thesis is therefore to build a reliable test system that can perform micro to 
macro indentation tests at varying temperatures of up to 800°C in high vacuum. In addition, depth 
sensing capability, as well as design provision to accommodate high temperature scratch tests were 
also incorporated. This chapter discusses details of the design, build and calibration of this new 
machine which is outlined in Figure 48.  
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Equipment design, fabrication and calibration of new scratch and depth sensing indentation test machine
Design, Fabrication and Test of Furnaces
-Top furnace for indenter
-Bottom furnace for sample
-Fabrication of thermocouples
Design, Assembly and Test of Water Cooling System
-Waterflow circuit design and assembly
-leak testing
System Calibration
Specifications and Testing of Vacuum System
-Rotary pump testing
-Turbo-molecular pump testing
-incorporation of Argon venting
-incorporation of air venting in the chamber
Modifications in Top Chamber 
-Load contactor change
-displacement sensor change, test and calibration
-load cell calibration
-programming to enable user interface
Design, Fabrication and Testing of Lower Chamber Parts
-Interface plate
- Bottom assembly
Design, Assembly and Test of Furnace Control System
-Electrical circuit design
-Fabrication of circuit
-Testing and certification of wiring assembly
-Testing of temperature controllers and alarms
 
Figure 48 Outline of activities for the new test rig.  
 
 
An overview of major changes done on the existing machine is shown in Figure 49, enclosed in the 
dotted box. It can be seen from this that the whole bottom chamber was replaced. In addition, all 
electrical wirings and water cooling pipes were also replaced. On the other hand, Figure 50 shows a 
schematic diagram of the magnetic loading system from the old system which was retained. 
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Figure 49 Schematic diagram of high temperature indentation equipment (not to scale). 
 
 
 
 
 
 
Figure 50 Schematic diagram of the magnetic loading system (not to scale). 
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A 3D representation of the new machine is shown in Figure 51 and a cross-section view of this 
machine in Figure 52 shows the different regions of the machine showing the loading mechanism, 
the upper and lower vacuum chamber assemblies and the interface plate joining these two 
chambers. 
 
 
Figure 51 3D representation of the whole assembly. 
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Magnetic Loading  
Mechanism 
Interface Plate 
(joining the upper and  
lower vacuum chamber)  
Upper Vacuum Chamber 
Lower Vacuum Chamber 
Vacuum System 
 
 
 
Figure 52 Overall schematic diagram of the vacuum chamber with assembled components. 
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4.1 Design, Fabrication and Testing of Lower Vacuum Chamber Parts 
 
The discussion of the design, fabrication and testing of the various parts of the machine are divided 
into 6 sub-sections namely; the interface plate, the bottom chamber parts and assembly, indenter 
and sample furnaces, furnace control system, water cooling system and the vacuum system.  
 
 
 
4.1.1 Interface Plate 
 
The interface plate plays an important role because it connects the top and bottom vacuum 
chambers, thus the design has to consider the following: is able to withstand the mechanical load of 
the top chamber, sealed from both top and bottom chamber to ensure high vacuum is maintained, is 
able to connect all parts of the top and bottom assembly that needed continuity of connection and is 
able to withstand high temperature without considerable deformation. The complexity of the 
accurate positioning of the holes for the water pipes, screws, etc, was also challenge because there 
was no previous drawing to refer from.  Detailed drawing of the interface plate is shown in 
Appendix D. 
 
 
4.1.2 Bottom Parts Assembly 
 
Designing, machining and assembling the various parts of the machine has been a challenge due to 
the limitation in space and every component has been designed to maximize the available space. 
Figure 53 shows a general listing of the parts of the upper and lower vacuum chambers that were 
changed and a more detailed parts list of the bottom assembly are shown in Figure 54. Appendix D 
also shows the design of the individual components/ parts that was manufactured. 
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Bottom  
Assembly 
Load Contactor 
Load Cell 
Water Cooling 
Depth Sensing Device (LVDT) 
Water Cooling 
Top Furnace to heat  indenter 
(Indenter Furnace Assembly) 
Bottom Furnace to heat  sample 
(Sample Furnace Assembly) 
Indenter 
Sample 
Sample Stage 
 
 
 
Figure 53 Schematic drawing of the assembled components inside the vacuum chamber. 
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Sample 
Stage  
P  art 1 
Stage Base 
Support 
Water 
Cooling  X axis mechanical 
stage 
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stage 
Solid Cylinder 
Part 1 
Solid Cylinder 
Part 2 
Z axis air bearing 
clamp  X axis 
Motor 
Y  axis 
Motor 
Cylinder support 
pin/   clam
p 
Bottom Support for 
Solid   Cylinder
s 
Sample Furnace 
Assembly 
Support Plate for 
Sample   Furnace 
Assembly 
 
 
Figure 54 3D representation of bottom assembly with part names. 
 
 
 
4.1.3 Design and Fabrication of Furnace Parts 
 
There were two furnaces built in the system, namely; the indenter furnace and the sample furnace. 
This study aims to perform experiments up to 800°C and the furnaces were designed and built to 
accommodate this requirement. In addition, these furnaces had to be light and compact to fit into 
the chamber and can be removed and re-built if necessary.  
 
Figure 55 shows a 3D drawing and cross-sectional view of the indenter furnace and Figure 56 on 
the other hand shows the schematic drawings of the sample furnace. Appendix E shows a more 
detailed drawing of the different parts of these furnaces.  
 
The heating element used for the furnaces is kanthal wire which is a ferritic alloy (FeCrAl) that can 87 
 
be used at temperatures of up to 1400°C. The detailed material properties of kanthal wire which are 
desirable for this application are listed in Appendix F. The temperature of the heating element is 
being monitored by type R thermocouple sensors located in one of each of the furnaces. In 
addition, 2 more thermocouple sensors were added to monitor the temperature of the indenter and 
the sample. All four thermocouples were then wired to the furnace control box which provides the 
interface for the heating parameters of the furnaces. 
 
 
 
Pyrophyllite cylinder core Part 1 
Heating Element 
Pyrophyllite cylinder Part 2 
Ceramic Fibre Filler  
Pyrophyllite cylinder Part 5 
Water Cooling for Indenter Furnace 
Pyrophyllite Indenter Furnace Part 4 
Ceramic Fibre Cover 
 
 
Figure 55 Schematic diagram of the indenter furnace/ top furnace assembly (on the left is the 3D 
auxiliary view and on the right is the cross-section view with part names). 
 
 
 
 
 
 
Pyrophyllite cylinder core Part 1 
Heating Element 
Pyrophyllite cylinder Part 2 
Ceramic Fibre Filler  
Pyrophyllite cylinder Part   4 
Water Cooling for Indenter Furnace 
Pyrophyllite Indenter Furnace Part   3 
Ceramic Fibre Cover 
Support Plate for   Indenter Furnace   Assembly   
 
 
Figure 56 Schematic drawing of the sample furnace/ bottom furnace assembly (on the left is the 3D 
auxiliary view and on the right is the cross-section view with part names). 
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4.1.4 Design, Assembly and Testing of Furnace Control System 
 
One of the main challenges faced with the old system was the inefficiency of the sample furnace 
which needed constant re-assembly each time a test is conducted. This made the equipment 
extremely time consuming as well as costly to operate. In response to this, a more robust furnace 
design was constructed to accommodate this problem.  
 
A new type of heating wire was also used in the form of a kanthal wire as opposed to the Pt heating 
wire previously used which was prone to breakage. The bigger furnace also allows the use of a 
thicker heating element (0.3mm) which could provide better mechanical properties.  
 
A new furnace control system was also designed and fabricated in house to ensure that the desired 
heating characteristics are achieved. The circuit diagram of the furnaces is shown in Figure 57. 
This circuit is used to deliver power as well as control the heating element of the two furnaces. It is 
equipped with two temperature controllers and two over – temperature controllers for each of the 
two furnaces.  The temperature sensor on the top furnace is located ~5mm above the diamond 
indenter whereas the temperature sensor on the bottom furnace is attached to the bottom face of the 
sample.  
 
The over – temperature sensors were placed near the heating coils of each of the furnaces. For 
safety controls, the circuit was equipped with the recommended overcurrent protection – a 20mA 
residual current device (RCD) from Schneider. It has also been installed with three mini circuit 
breakers (MCB) from Schneider: two 20A MCBs to cater for the individual thyristors powering up 
the two heaters and a 6A MCB for the Eurotherm 3208/ 3216 temperature controllers and other low 
voltage devices such as sounder, etc. Each of the MCBs was also installed with separate fuses. The 
main ‘earth’ cable was connected in parallel to all other devices requiring ‘earth’ connections and 
all of the six walls of the circuit box were also ‘earthed’. 
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Figure 57 Furnace controller wiring diagram. L for live terminal, N for neutral terminal, TC for thermocouple, A for ampere, all other symbols are related 
to supplier device notations (please note that new editions of this circuit may have been performed to adjust the reset button connection).  90 
 
4.1.5 Water Cooling System 
 
The provision for an adequate water cooling system is crucial in the operation of the new machine. 
Water cooling jackets and tanks were added to ensure that heat is confined inside the furnaces and 
does not cause damage to any of the other components. The water cooling system was designed to 
have continuous connection to ensure that water flow is continuous and detectable from the source 
where a water gauge is placed. In addition, water is supplied from a re-circulating cooling system 
with a flow rate of 20L/h which is the required coolant flow rate for the vacuum pump. The water 
cooling system is divided into 7 regions and these are shown schematically in Figure 58. 
 
 
 
 
 
Figure 58 Water cooling layout of the whole test system. 
 
 
1 Sample holder Water cooling
2 Load cell Water cooling
3 Water cooling for indenter furnace top cover
4 Indenter furnace Water cooling
5 Sample furnace Water cooling
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4.1.6 Vacuum System 
 
The vacuum system uses a two stage pump with a rotary vacuum pump followed by a turbo 
molecular high vacuum pump. The rotary vacuum pump uses a TRIVAC D8B from Leybold 
Vacuum with a pressure limit of ≤1x10
-4 mbar and a pumping speed of 8m
3/h. It is capable of 
pumping gases and vapours and can evacuate vacuum systems in the fine vacuum stage.  
 
The second stage vacuum system is equipped with a TURBOVAC C from Leybold Vacuum which 
has an ultimate pressure of <1x10
-10 mbar and requires a fore vacuum pressure of 0.5mbar. The 
rotary vacuum pump is first switched on to allow it to reach the desired pre-vacuum condition 
before the turbo pump is turned on. 
 
The system is also built to enable gas dispensing into the chamber, such as Ar. In order to minimize 
the amount of oxygen in the chamber, the system is flushed with Ar for about 2-3 times and the 
high vacuum is restored at ~5x10
-4 mbar before conducting indentation tests. 
 
 
4.2 Load Cell and Displacement System Calibration 
 
The load is applied to the specimen using two permanent magnets which is configured according to 
Figure 40. When load is being applied, the lower magnet is kept vertically aligned using guide pins 
and is brought to contact with the load cell. One of the changes made in the system was to change 
the load contactor configuration to accommodate dimensional changes in the lower chamber (noted 
as ‘load contactor’ in Figures 53 and in Appendix D).  
 
The speed of the motor that drives the magnet has a minimum and maximum speed of 0.068µm/s 
and 280µm/s, respectively. This motor speed was measured when the magnetic loading system was 
taken as a separate entity which translates to a lower actual speed of indentation on the specimen 
once incorporated in the whole assembly. 
 
The load cell was calibrated against a known weight and had a maximum and minimum load of 
20N and 0.1N respectively with a residual error of ±0.01N. A sample plot of the test is shown in 
Figure 59. 
 
On the other hand, the vertical travel or displacement was measured using a linear variable 
differential transformer (LVDT) from Solartron. The previous LVDT device was changed to allow 
a bigger range of travel. The length of travel which was 9.5mm was calibrated against a drum 92 
 
micrometre which has a 1µm resolution and the residual error ±0.1µm. A sample plot of the test is 
shown in Figure 60. 
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Figure 59 Load cell calibration graph.  
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Figure 60 Displacement calibration graph. 
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4.3 Conditioning the New Machine 
 
This section discusses the various preliminary tests carried out on the new machine to ensure its 
utility for high temperature indentation tests.  
 
 
4.3.1 Pre-conditioning Test at Room Temperature 
 
Initial indentation tests at room temperature using an aluminium sample were carried out to test the 
usability of the equipment. One of the important considerations in the testing procedure is to ensure 
that the correct distance between the indenter tip and sample is set before proceeding with the 
indentation test.  
 
The indenter has a limited downward travel (as determined from the range of travel of the LVDT) 
and if this maximum downward travel is reached even without getting in contact with the sample, 
the indentation test is halted and the chamber needs to be opened for height repositioning. This is 
avoided by checking the correct height to which the sample is raised and positioned - which 
depends on the height of the sample holder and the thickness of the sample. The minimum 
thickness of the sample has to reach 5mm. 
 
In addition, several rows of indents were made to determine the ability of the equipment to perform 
arrays of indents and Figure 61 shows a sample array of indents on the aluminium sample. 
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Figure 61 Sample image of an array of indents carried out on the aluminium sample. 
 
 
 
 
4.3.2 High Temperature Indentation Test Set-up 
 
Preliminary high temperature indentation tests were carried out on a WC/Co sample from room 
temperature up to 800°C in order to condition the response of the furnace by identifying the correct 
parameter settings on the temperature controller.  
 
Current is passed through the heating elements and is monitored by an ammeter on the Eurotherm 
controller. The maximum output was configured to only allow 35% of the maximum power output 
to avoid the occurrence of over-heating which significantly degrades the heating elements. The rate 
of temperature rise was also set to run at 4°C/min to avoid thermal shock.  
 
The temperature readings from the furnaces which are displayed on the Eurotherm controllers were 
very stable with no fluctuations. On the other hand, the actual temperature readings from the 
indenter and sample thermocouples fluctuated by +/-1°C. A minimum of 30 min soak time at the 
desired temperature [152, 153] was used for the system temperature to stabilize before the 
indentation tests were carried out. The soak time begins after the temperature readings from the 
sample and indenter thermocouples have stabilized. 
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The pressure reading was also monitored in order to ensure that a high vacuum is maintained as the 
temperature is being increased. The rotary and turbo-molecular pump combination set-up allows a 
pressure of 5x10
-4 mbar to be obtained up to 800°C.  
 
As temperature is increased, thermal drift can be significant and increases with increasing 
temperature [48]; an additional dwell time at 10% of the maximum load [151] during unloading 
was incorporated to measure thermal drift. In this test, the dwell time used to measure thermal drift 
was equal to the dwell times (5s, 15s, 60s, 120s, 300s) to measure creep at the maximum load in an 
attempt to minimize the contact time between the indenter and sample and thereby minimizing the 
damage incurred on the indenter tip.  
 
The real-time load-displacement curve shown during indentation is colour coded to indicate the 5 
stages of the indentation process which is shown schematically in Figure 62. This enables analysis 
of data at each stage of indentation. 
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Figure 62 Schematic plot of the 5 stages of the indentation process. 
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4.3.3 Assessment of Test Repeatability  
 
Preliminary attempt was carried out to test the repeatability of the load-displacement curves 
obtained from the new machine. The chosen methodology [27] enabled the test to be performed in 
conjunction with the actual indentation experiments wherein incremental loads of 1N, 2N, 3N, 4N 
and 5N using a constant indentation speed of 0.08N/s was performed at the desired temperatures.  
 
The load – displacement curves were then analysed using a post processing program that was built 
into the system. The uncorrected load – displacement curves at various loads were superimposed 
and these are shown in Figures 63 and 64 for tests done at room temperature and 700°C 
respectively. These preliminary raw data of the load-displacement curves show a high degree of 
repeatability and this assessment can be further enhanced to include other materials, in conjunction 
with further assessment on machine compliance correction to fully enable its depth sensing 
capability.  
 
 
 
 
 
 
Figure 63 Uncorrected load-displacement curves of WC/Co hardmetal (0.87WC/6Co) at room 
temperature. 
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Figure 64 Uncorrected load-displacement curves of WC/Co hardmetal (0.87WC/6Co) at 700°C. 
 
 
The ability of the machine to obtain repeatable and reliably indents was also verified through 3D 
imaging for visual inspection and for indent diagonal measurement. Moreover, hardness values 
were obtained from the indent diagonals and the values showed a very low average standard 
deviation from the mean of 0.3 on all the WC/Co hardmetals tested. Detailed information on the 
range of values and temperatures to which these were obtained is found in Appendix H of this 
thesis. 
 
 
4.3.4 Indentation Creep Tests 
 
Indentation creep tests were carried out using dwell times of 5s, 15s, 60s, 120s and 300s at 
temperatures where creep is significant (i.e. at temperatures ≥500°C). Preliminary creep tests at 
room temperature, 400°C and 700° using 15s dwell showed a significant amount of creep at 700°C 
compared to that of room temperature and 400°C (refer to Figure 65). This result agrees with the 
work of Millman, et al [104] wherein increased plasticity is observed at higher 
temperatures. 
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Figure 65 Uncorrected load-displacement curves of 0.87WC/6Co sample various temperatures. The 
curves were off-set from origin for comparison. 
 
 
 
Further creep tests illustrated in Figure 66 shows that creep deformation increases with increasing 
dwell time. Thermal drift was incorporated on each indentation test which has the same duration as 
the holding time at the maximum load and in this particular sample, the thermal drift was minimal. 
However, where thermal drift is experienced, creep displacement must be corrected if the load-
displacement curves are to be used for analysis of results [151]. In this thesis, creep displacement 
was measured by imaging the indents so the thermal drift was not taken into account, although this 
data can still be obtained from the load-displacement curves. 
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Figure 66 Uncorrected load-displacement curves of 0.25WC/6Co sample at 600°C with varying 
dwell times. The curves were off-set from origin for comparison. 
 
 
 
4.3.5 Machine Compliance 
 
The determination of the machine compliance, C, or subsequently the machine stiffness, S, is one 
of the key concerns in obtaining a reliable load-displacement curve [72, 151]. Calibrating machine 
compliance is difficult and can have a significant amount of uncertainty especially when comparing 
results from one laboratory to another and from equipment to another [152]. The contribution of the 
machine compliance includes compliance from the loading frame, the indenter shaft and the sample 
mount [27] and becomes even more significant at elevated temperature tests because of the effect 
of varying thermal expansion of these components [151, 72, 153]. 
 
The method of machine correction was lifted from various sources [27, 72, 151, 153] and this was 
done by considering the specimen/indenter combination (Cs) and the load frame (Cf) as two springs 
in series, whereby the total compliance (CT) is obtained from the unloading curve of the load-
displacement curve. This is mathematically expressed as: 
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Therefore: 
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Where  ?∗   is the reduced modulus of indenter and specimen and A is the area function. The area 
function was obtained by fitting a function to a plot of the imaged areas versus the contact depths. 
By rewriting equation 21, the plot of  ? − ??  versus  ?−1/2 should be linear which extrapolates to 
? − ?? = 0  once the proper load frame compliance and area function have been determined [72]. 
 
In this study, a preliminary investigation to determine machine compliance was done by carrying 
out several indentations at varying loads of 1N, 3N and 5N in conjunction with the indentation tests 
being carried out. For example, when the 0.87WC/6Co was being tested, additional indentation 
tests were incorporated at selected temperatures (i.e. room temperature, 400°C and 700°C) for 
machine compliance correction.  
 
The indenter shape was found to remain intact with no significant blunting of the indenter tip after 
the test so that Equation 16 was used for the area function. The intercept of the plot of 
?ℎ
??
 
 versus 
1
ℎ?
 
 was then used to evaluate the load frame compliance. 
  
Figure 67 shows the plots of 
?ℎ
??
 
versus 
1
ℎ?
 
for the 0.87WC/6Co sample at various temperatures. 
From room temperature up to 400°C, it appears that the machine compliance did not vary 
significantly. However, at 700°C, a large scatter of data was encountered. The results at this point 
shows that machine compliance is stable up to about 400°C but further tests need to be conducted if 
the load-displacement curves were to be used for analysis of other mechanical parameters such as 
modulus of elasticity where machine compliance plays an important role. The post-processing 
methodology also needs further enhancement to enable a more robust and faster way of analysing 
the raw load-displacement curves.  
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Figure 67 Plots of system compliance versus 
1
ℎ?
 
 for 0.87WC/6Co at (a) room temperature, (b) 
400°C. 
 
 
 
For the hardness determination and indentation creep analysis, measurements of the indents 
obtained through 3D imaging were used. It should not be discounted however, that the equipment 
was successful in obtaining load-displacement curves up to 800°C and these were useful in 
validating some of the results obtained through imaging. In addition, a plot comparing the 
permanent depth, ℎ?  , obtained from the load-displacement and from 3D measurements of the 
indents in Figure 68 shows very good agreement of results. 102 
 
 
 
 
 
 
Figure 68 Comparison of permanent displacement depth,  ,  versus temperature comparing results 
obtained from load-displacement curves and those obtained from the high resolution indent images.  
 
 
 
 
4.3.6 Other Concern: Indenter Tip Geometry Deterioration 
 
In the literature data of hot hardness of WC/Co (refer to section 2.9 of this thesis), it was reported 
that no appreciable deterioration of the diamond indenter tip was observed after the tests were 
conducted. However, this is difficult to verify because the resolution to which the indenter tip was 
inspected was not stated and the amount of surface damage would not have been detectable at low 
resolution optical imaging. In the past two decades since these tests were first conducted, imaging 
technology has rapidly improved and this observation needs to be re-evaluated to establish the 
effect of indenter deterioration especially at very high temperatures.  
 
If there is significant blunting of the indenter tip, this can also significantly affect the measured 
hardness. In the first full set of hot hardness data used in this thesis, an existing diamond indenter 
that was used in the past was used and the number of times this was used is unknown. It was found 
that although there was no appreciable deterioration on the indenter tip geometry based from visual 
inspection using the optical microscope, the 3D confocal microscope images revealed a pitted 
surface where the indenter was in contact with the sample.  103 
 
 
Figure 69 shows the images of the blunted indenter and a line profile obtained from the 3D image. 
It was estimated from the line profile that the grooves or pits on the diamond surface had an 
average depth of about 0.2µm. The hot hardness data obtained from this blunted indenter was 
compared with results obtained from tests conducted using a re-polished and calibrated 
Vickers indenter on a 0.87WC/6Co sample and it was found that the hardness vary by as 
much as 13% at room temperature (Figure 70). 
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Figure 69 Surface profiles of the existing blunted diamond indenter; (a) the actual image, (b) 3D 
height map and (c) is a comparison of a line profile of the existing blunted indenter compared with 
a line profile of a re-polished and calibrated diamond indenter. The line drawn across (b) is the line 
profile shown in (c).  
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Figure 70 Comparison of temperature dependent hardness data taken on the 0.87WC/6Cosample; 
using a Vickers indenter that was blunted and has been used in the old hot hardness machine, and 
using a re-polished and calibrated Vickers indenter (with standard error bars). 
 
 
 
Due to this significant effect of indenter wear on the hardness results, three sets of data were further 
obtained to compare results of the following: using an unused, re-polished and calibrated Vickers 
indenter (denoted as 1
st set); using a second set of hot hardness data using the re-polished and 
calibrated Vickers indenter that was used in the 1
st set (denoted as 2
nd set). 
 
Figure 71 shows sample images of the indenter tip after the 2
nd set of tests as well as the line profile 
of the indenter tip. The line profiles show that the global indenter geometry did not change 
significantly but localised pitting (~0.06µm) was observed on the regions where contact with 
WC/Co sample was made. Comparison of the hot hardness data showed no significant difference in 
the hot hardness data obtained with %error difference of ~2% (Figure 72).   
 
In addition, it was found that wear on the diamond indenter tip occurs at tests carried out at 
temperatures ≥700°C. Despite having only 2%error difference on hardness when the indenter is re-
used two times, the indenter was sent for re-polishing and re-calibration if surface pitting is 
observed even if only one full set of test was conducted or even if the indenter shape has not 
significantly changed. 
 
Thus, this rigorous investigation carried on indenter tip degradation and its effect on the measured 106 
 
hardness ensures that hardness values are not affected by indenter tip geometry. Table 6 
summarizes the degradation of indenter tip observed and its effect on the hardness obtained on a 
0.87WC/6Co hardmetal. 
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Figure 71 Sample images of the indenter after the 2
nd set of tests up to 800°C. The colour coded 
image in (b) shows the height map. 
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Figure 72 Temperature dependent hardness data using the same Vickers indenter that was re-
polished and calibrated; the 1
st set denotes tests done using an unused re-polished and calibrated 
indenter, 2
nd set denotes tests done after the 1
st set without changing the indenter.  
 
 
 
 
Table 6 Summary of indenter degradation and its effect on measured hardness. 
 
Vickers indenter
Local Profile: Average 
roughness¹ (µm)
%Error Difference of 
HV0.51 from 1st set²
Re-polished, calibrated and unused 0.03 -
Re-polished, calibrated and used after 2 full 
sets of tests with a temperature range of 
room temperature up to 700°C
0.06 2%
Blunted indenter³ 0.2 13%
¹ for comparative analysis only using line graph of 3D image
² average values from room temperature up to 700°C
³ blunted indenter from old machine: used for unknown number of times  
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4.4 Summary 
 
The design, build and commissioning of a new machine that can perform microindentation of 
WC/Co and similar materials at temperatures ranging from 20°C up to 800°C was successfully 
achieved. This highly versatile and powerful machine has been built with the following features: 
  The furnace system is highly stable with minimal fluctuations of +/-0.5°C and is equipped 
with advance temperature controllers and indicators that can be programmed to perform 
controlled heating cycles. Furthermore, the modular design of the indenter and sample 
furnaces makes them highly versatile for other temperature applications and can be easily 
altered to suit a particular application. 
  The indenter material is mechanically held in place and can be changed to accommodate 
other types of indenter material and shape. This flexibility also enables easy removal of the 
indenter for indenter degradation analysis at very high temperatures or for re-polishing and 
re-calibration. 
  The mechanical sample stage has 2 lateral directions of motion which maximizes the test 
area of the sample. 
  The sample holder can accommodate other shapes and types of material. 
  The built-in user interface software can be programmed to perform continuous tests or 
arrays of indentations at a given temperature. The program can be also be modified to suit 
a particular test, i.e. indentation creep with thermal drift correction. 
  It is equipped with rotary and turbo-molecular vacuum pumps which can achieve vacuum 
conditions of up to 1x10
-4mbar and is able to accommodate other types of gases such as Ar.   
  It is equipped with depth sensing capability. Preliminary compliance correction tests 
indicate stable machine compliance at room temperature and 400°C. 
  It has a built-in capability for future high temperature scratch tests. 
 
A summary of the key parameters of this machine are also summarized in Table 7. 
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Table 7 Key parameters of the newly built machine. 
 
Parameters  Value 
Load 
Up to 20N +/-0.01N (loads used in the tests 
vary from 1N to 5N) 
Displacement resolution  +/-0.1µm 
Loading rate  0.02N/s - 0.08N/s (tests performed at 0.08N/s) 
Vacuum pressure  Up to 5X10
-4 mbar 
Temperatures  Up to 800°C 
Sample stage positioning/ incremental motion  +/-0.1µm  
Field of Testing  +/-10mm 
Indent diagonal length measurement tool  3D Olympus LEXT confocal microscope (+/- 
10nm resolution) 
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5.0 WEAR BEHAVIOUR OF WC/CO HARDMETAL USING SCRATCH TEST  
(Part of this chapter was published in the Tribology International Journal and presented at the 
AsiaTrib 2010 conference in Perth, Australia; refer to Appendices A-C) 
 
This chapter discusses the room temperature scratch tests carried out WC/Co hardmetals in order to 
provide baseline data hardness to wear relationship of WC/Co hardmetals – providing better 
understanding to its wear damage mechanisms. Moreover, the tests were done to obtain 
information on the measurement methodology, surface analysis techniques, and sub-surface 
analysis techniques that will be useful in the indent measurement and analysis. The tests also serve 
as preliminary assessment to determine potential concerns that may arise when using a diamond 
indenter on the WC/Co samples.  
 
Previous work on several grades of WC/Co hardmetals [63] has shown that plastic slip is the major 
wear mechanism followed by cracking of the individual WC grains at low loads using ~1-50µm 
indenter tip radius. At higher loads using a 200µm radius, the scratched area showed fractured as 
well as fragmented WC grains, whereas the pile up region is dominated by slip [59, 61, 63].  
 
It was also noted that a thin tribo-layer [59, 67] is formed on the surface of the scratched surface 
and becomes more evident as the number of scratch repeats increase. Of particular interest is the 
method of imaging the sample presented by Gee et al [59, 60] wherein this tribo-layer is seen as 
alternating light and dark features on the very surface of the scratched region using low voltage 
SEM.  
 
This technique is heavily employed in the current study to further probe into the formation of this 
tribo-layer, FIB, SIMS, EDX analysis.  
 
It has also been reported [69] that the tribo-layer observed contained a mixture of WC grains 
dispersed in a Co matrix. This chapter shows that the tribo-layer composition evolves from its 
deposition during the first pass until it slowly builds up to include WC grain fragments only at 
increased number of repeats.  
 
Previous work [63] has also found that in addition to wear damage, the coefficient of friction 
increases during the first and second scratch passes but plateaus during subsequent scratch passes, 
for both fine-grained and coarse-grained samples. Results from the current study were used to 
explain this phenomenon. 
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5.1 Single Pass Scratch Test Using a 200µm Radius Diamond Indenter 
 
A series of room temperature scratch tests were conducted on WC/Co samples to obtain a baseline 
data for room temperature scratching prior to undergoing high temperature scratching. The 
scratches were analyzed to provide information on the wear mechanisms underlying scratch testing 
using single pass. It also investigates any potential concern that may arise from the use of a 
diamond indenter. Co is a material that is used as binder for synthetic diamond and there is a 
possibility of reaction between diamond and Co during scratching. 
 
 
5.1.1 Results and Discussion 
 
A comparison of the dynamic friction coefficient obtained for the fine-grained sample and coarse-
grained sample is shown in Figure 73. Higher fluctuations were observed on the coarse-grained 
sample which was previously [76, 77] attributed to the sample due to a difference in the friction 
response of hard WC grains and soft binder phase, fewer fluctuations are observed on the fine-
grained sample.  
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Figure 73 Coefficient of Friction comparison of fine-grained and coarse-grained sample. 
 
 
 
A very interesting observation in Figure 73 is that the coefficient of friction of the fine-grained 
sample shows a gradual increase from the initial point until it reaches a more stable value after 
about 25s. Ndlovu, et al [78] described a similar pattern which was attributed to an elastic take – up 
in the instrument before reaching a steady state value. However, material transfer unto the stylus tip 113 
 
was also observed on the 3D images obtained before and after scratch testing (Figure 74) which can 
be a contributing factor to friction levels observed.  
 
The debris found on the indenter tip was of irregular shape with an approximate radius of 15-20µm 
(Figure 75) and maximum protrusion of 3µm (Figure 76). It was also noted that the scratch test was 
first carried out on the coarse-grained sample and then carried out on the fine-grained sample 
without cleaning the indenter tip. 
 
It is possible that the debris formed may be contributing to the initial uptake in the coefficient of 
friction observed and in order to verify this observation, a repeat experiment using the same 
parameters was done - this time taking a SEM micrograph and EDX analysis of the stylus tip 
before and after each indentation. 
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Figure 74 Surface profile of the diamond stylus tip taken (a) before the scratch test; and (b) after 
the scratch test using an Olympus LEXT confocal microscope. 
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Figure 75 Area profile of the diamond stylus tip after scratch.  
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Figure 76 Line profile of the diamond stylus showing that the maximum protrusion at the tip of 
stylus is 3μm. 
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The graph of coefficient of friction versus time in Figure 77 showed that the fine-grained sample 
still showed a lower peak before arriving to the more stable values although this observed shorter 
gradual uptake did not take as long to stabilize as the one observed in Figure 73.  
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Figure 77 Coefficient of Friction versus time obtained on the repeat experiment (insert shows SEM 
image of diamond stylus tip before and after scratch.) 
 
 
 
Cleaning the indenter tip of any leftover debris from previous tests gives a more stable reading of 
the coefficient of friction data but the appearance of the first small peak was consistent for the fine-
grained sample. In most scratch tests studies [74, 75] reported in the past, it was not stated whether 
the indenter was free of debris before proceeding to the test or before proceeding to the next set of 
scratch test experiments in the case of multiple scratch experiments. 
 
The  SEM  and  EDX  data  in  Figure  78  shows  the  analysis  of  the  indenter  tip  prior  scratching 
indicating that only the element C is present. After the scratch test, the SEM and EDX data of the 
indenters used on the fine-grained sample (Figure 79) and on both coarse and fine-grained samples 
(Figure 79). The EDX data shows presence of Co and W after scratch which suggests material 
transfer onto the diamond stylus tip. After cleaning the stylus tip by mechanical method however, 
the debris was removed. 
 
 
 117 
 
 
 
 
 
  Spectrum C O Co W Total
Spectrum 1 96 4 0 0 100
Spectrum 2 96 4 0 0 100
Spectrum 3 96 4 0 0 100
Spectrum 4 96 4 0 0 100
Spectrum 5 96 4 0 0 100
Spectrum 6 95 5 0 0 100
Spectrum 7 96 4 0 0 100
Spectrum 8 96 4 0 0 100
Spectrum 9 95 5 0 0 100
Mean 96 4 0 0 100
Std. deviation 0 0 0 0
Max. 96 5 0 0
Min. 95 4 0 0  
 
Figure 78 EDX analysis conducted on the diamond stylus tip before the scratch test showed 0% W 
and Co present. 
 
 
 
 
  Spectrum C O Co W Total
Spectrum 1 78 2 10 9 100
Spectrum 2 69 3 6 23 100
Spectrum 3 82 0 11 7 100
Spectrum 4 93 5 1 0 100
Spectrum 5 84 3 6 7 100
Spectrum 6 86 3 6 4 100
Spectrum 7 96 3 1 0 100
Spectrum 8 93 4 3 0 100
Spectrum 9 92 2 2 3 100
Mean 86 3 5 6 100
Std. deviation 9 1 4 7
Max. 96 5 11 23
Min. 69 0 1 0  
                           
Figure 79 Elemental analysis conducted on the diamond stylus tip after the scratch test of fine-
grained sample, revealing presence of W, C and Co. 
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Spectrum C O Co W Total
Spectrum 1 35 4 2 59 100
Spectrum 2 51 4 1 44 100
Spectrum 3 30 0 8 62 100
Spectrum 4 74 3 7 16 100
Spectrum 5 94 6 0 0 100
Spectrum 6 91 6 0 3 100
Spectrum 7 78 6 3 14 100
Spectrum 8 78 5 5 13 100
Mean 66 4 3 26 100
Std. deviation 25 2 3 25
Max. 94 6 8 62
Min. 30 0 0 0  
           
Figure 80 Elemental analysis conducted on the diamond stylus tip after the scratch test of both 
samples; revealing presence of W, C and Co. 
 
 
 
5.1.2 Summary 
 
The scratch tests conducted show that there was material transfer unto the stylus tip during scratch 
tests. The results from the EDX analysis showed that the composition of the transferred materials 
was mainly composed of W, C and Co elements.  
 
The change in the friction of coefficient graph between the two tests show that the debris formed 
may have caused the gradual increase observed in the first friction data obtained. Although the 
debris was removed after cleaning, the presence of the debris may indicate a possible chemical 
reaction and / or adhesion between the diamond stylus and the WC/Co during scratch test that is 
easily removed but can potentially alter the friction data obtained.  
 
The data in Figure 77 still showed a gradual increase of coefficient of friction with respect to time 
although the time it took to stabilize was shorter. Due to this, the presence of the uptake time on the 
fine-grained sample which was not present in the coarse-grained sample indicates a possible 
change in the tribology of the sample and indenter during this test.  
 
These observations prompted the need to do more systematic room temperature scratch tests using 
multiple scratch tests and using different length scales of diamond indenters.  
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5.2 Multiple Pass Scratch Test Using 200μm radius diamond (Separate Indenters for Each Sample 
Tested) 
 
As a continuation of the previous single pass scratch test, the aim of this test is to obtain a baseline 
data of the wear abrasion mechanisms at room temperature using an existing scratch test machine. 
The coefficient of friction data obtained in the previous section may indicate changes occurring on 
the indenter tip which affected the tribological behavior of the indenter and sample during the 
initial phase of contact, thus the observed gradual uptake in Figure 73 and 77. With these 
observations, this test also investigates changes observed on the diamond indenter tip as the 
samples were subjected to multiple scratch passes.  
 
 
5.2.1  Results and Discussion 
 
The results of this study are discussed in four sub – sections covering discussions on the wear 
damage mechanisms seen on the scratched region; analysis of the tribo-layer formed on the surface 
of the scratched region; wear measurements; and friction behaviour of the samples tested.  
 
 
5.2.1.1  Wear Damage Mechanisms 
 
Examination of the first scratch obtained on the coarse-grained sample shows that damage on the 
WC grains is very evident (Figure 81). The higher magnification images show that fracture of the 
WC grains (indicated with arrows) is the dominant mechanism and localised fragmentation is also 
observed in regions where the WC grains are in contact with other WC grains (encircled).  
 
In previous studies [82, 83] conducted on the computation of stresses created by a spherical sliding 
contact, the stresses were found to be maximum on the circumference of the circle of contact, 
hence it is expected that maximum damage be on the scratched region. Plastic slip bands were 
evident on the WC grains adjacent to the scratched region.  
 
There was also grooving running along the scratch. This is likely to be caused through movement 
of the roughened indenter over the surface of the sample and is likely to involve the tribo-layer 
formed during scratching [61, 62] which is discussed in more detail in the next sub-section. On the 
second pass, more fragmentation of WC grain fragments took place.  
 120 
 
As the number of passes increased to 5 and 10 passes (Figures 81c and 81e), the WC grains on the 
scratched region are no longer visible and instead, it is seen that the surface is covered with a 
smooth layer of the re-embedded WC grain fragments dispersed in a Co matrix (Figure 81d and 
81f). The size of the re-embedded WC grains becomes finer (Figure 81d versus Figure 81f) as the 
number of repeats increases approaching a nano-sized structure.  
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Figure 81 Wear tracks on coarse-grained sample with higher magnification image showing plastic 
slip of WC grains (denoted by arrows) located near the pile up within the zone of plastic 
deformation, some slip deformation also seen on the scratched region and fragmented grains within 
the scratched region (encircled): (a) after 1-pass test, (b) after 5-pass test and (c) after 10-pass test. 
The 10-pass test shows that the underlying WC grains are barely discernible indicating massive 
build-up of the tribo-layer. 
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With the fine-grained sample, the images in Figures 82a, 82b and 82c showed less WC grain 
fragmentation and less WC grain fracture compared to the observed damage on the coarse-grained 
sample. Hardness is found to strongly influence the abrasive wear of WC/Co hardmetals, and the 
higher hardness of the fine-grained sample could explain the lower level of damage observed on 
the scratched surface.  
 
With the 5-pass test (Figure 82b), the tribo-layer has completely covered the underlying structure. 
The high magnification image after 5 passes (Figure 82b) showed presence of nano-sized WC grain 
fragments, which became less discernible after the 10-pass test (Figures 82c). In addition, the 
debris accumulated near and on the pile up region was found to contain WC grain fragments 
dispersed into a re-deposited Co matrix. 
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Figure 82 Wear tracks on the fine-grained sample with higher magnification image showing plastic 
slip of WC grains (denoted by arrows) located near the pile up within the zone of plastic 
deformation, and fragmented grains within the scratched region: (a) after 1-pass test, (b) after 5-
pass test and (c) after 10-pass test. 
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5.2.1.2  Formation of the Tribo-layer 
 
The tribo-layer on both the coarse and fine-grained samples was studied in detail. Using the 
technique presented by a previous study [61, 62] which uses a lower accelerating voltage of 500V 
in the SEM, the tribo-layer is visible even on the first pass for the coarse-grained samples. Figure 
83a and 83b compares the different features that were observed.  
 
The tribo-layer during the first pass in Figure 83b shows the unevenness of the scratched surface 
which is manifested by a discontinuity seen on this smeared layer. For example, the features 
marked A, B, C, D, E, F in Figure 83a were related to the edges of grains A, B, C, D, E, and F in 
Figure 83b. As the number of passes increased, more re-embedment of the WC grains and Co 
matrix became apparent (Figures 83c and 83d).  
 
The tribo-layer was also present in the first pass of the fine-grained sample (Figure 84a and 84b) 
but with less discernible WC grain features present. The finer grained sample has a higher Co 
content and this observation can be attributed to the lower contiguity of this sample. As the number 
of passes increases to 5 and 10 passes, the tribo-layer has covered the surface of the scratched 
surface – a similar observation with the coarse-grained sample.  
 
This tribo-layer was further analysed using FIB-SIMS and was found to be rich in Co. A 
comparison of Co content on the scratched region and unscratched region (Figure 85) showed a 
marked increase in Co content at the scratched region. It is also noted that it was more difficult to 
mill (e.g. more time was needed to mill the same depth) the surface of the scratched layer 
compared to the surface of the unscratched region which could indicate a compacted dense tribo-
layer.  
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Figure 83 Wear tracks on coarse-grained sample comparing low voltage and high voltage setting in 
the SEM: (a) 10kV accelerating voltage after 1-pass, (b) 0.5kV accelerating voltage after 1 pass, (c) 
10kV accelerating voltage after the 5-pass test and (d) 0.5kV accelerating voltage after the 10-pass 
test. Image (a) shows discernible WC grains (WC grains A, B, C, D, E, F) whereas using a low 
voltage in (b) enables imaging of the tribo-layer formed at the surface. 
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Figure 84 Wear tracks on fine-grained sample after the 1-pass scratch test: (a) using 10kV 
accelerating voltage and b) using 0.5V accelerating voltage after 1 pass. Image (a) shows 
discernible WC grains (WC grains A, B, C, D, E, F) whereas using a low voltage in (b) enables 
imaging of the tribo-layer formed at the surface. 
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Figure 85 FIB – SIMS of the coarse-grained sample after 10 passes (area analysed was 100µm x 
100µm) comparing the depth profile of Co on the unscratched surface, A, and scratched surface, B. 
 
 
 
The FIB image in Figure 86 shows the cross – section of the tribo-layer after 10 passes which 
reveals a ~1µm thick tribo-layer that is composed of fragmented nano – sized WC grains embedded 
in a Co matrix. This tribo-layer above the bulk material acts as protective layer that minimizes 
further damage in the bulk material because damage is seen to be restricted to 1 WC grain deep.  
 
The damage shows intergranular fracture of the individual WC grains, intergranular cracking 
between adjacent WC grains and delamination between the Co matrix and WC grains. Severe 
intragranular fracture is observed on WC grains that are adjacent to another WC grain due to the 
constraints imposed by the adjacent WC grain.  
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Figure 86 FIB image showing depth profile of the scratched region after the 10-pass scratch test. 
 
 
 
5.2.1.3  Wear Measurements 
 
The 3D images obtained on the scratched surfaces enable measurement of the volume removed of 
material, scratch depth and scratch width. Figure 87 shows typical images obtained for the fine-
grained sample and coarse-grained sample. It is found that the coarse-grained sample has 
accumulated more pile up compared to the fine-grained sample. Comparison of line profiles taken 
across the scratch in Figure 88 shows that the depth and width of scratch were larger for the coarse-
grained sample than the fine-grained sample, and consequently, a higher contact area. 
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Figure 87 Sample images obtained using 3D imaging (a) intensity profile of fine-grained sample 
(b) height profile of fine-grained sample, (c) intensity profile of coarse-grained sample, (d) height 
profile of coarse-grained sample. 
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Figure 88 Sample line profile cutting across the scratched region. 
 
 
 
 
The depth of scratch on the 1-pass test for the coarse-grained sample is about 2.1µm, gradually 
increasing to 6µm and 12µm after the 5-pass and 10-pass tests respectively. Whereas, for the fine-
grained sample, the scratches were measured to be 1µm, 3µm, and 5µm deep on the 1-pass, 5-pass 
and 10-pass scratch tests respectively. This also shows that fragmentation of WC grains is more 
prevalent on the coarse-grained sample. 
 
Figure 89 shows a summary of the volume removed versus number of passes for both coarse-
grained sample and fine-grained sample wherein the volume removed on the coarse-grained sample 
is higher than the fine-grained sample. On the other hand, Figure 90 shows the wear rate versus 
hardness comparing the wear rate of both samples which indicates that a lower hardness increases 
wear. 
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Figure 89 Volume removed versus number of passes comparing coarse-grained sample and fine-
grained sample. 
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Figure 90 Wear rate versus hardness (coarse-grained sample has lower hardness than the fine-
grained sample). 
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Looking at the formation of the tribo-layer on the hardmetal samples, the tribo-layer was already 
pronounced on the harder material (fine-grained sample) even after the 1-pass test and became 
more evident after the 2-pass test. On the other hand, the tribo-layer was not so evident on the 
coarse-grained sample (not enough to cover the WC grain features of the sample) after the 1- pass 
test and became more evident after the 5pass test.  
 
Although wear rate was found to be strongly affected by the hardness of the material, it is also 
possible that with the accumulation of the tribo-layer, this can alter the surface hardness of the 
sample and if enough tribo-layer is formed and compacted on the surface, the surface hardness may 
change. It is therefore suggested for future inference that hardness measurement be carried out on 
the tribo-layer to determine its impact on the hardness of the bulk material. This suggests that the 
formation of the tribo-layer plays an important factor in the wear behaviour of WC/Co hardmetals. 
 
 
5.2.1.4  Friction Measurements 
 
A comparison of the coefficient of friction versus number of scratch passes of the two samples 
tested is shown in Figure 91. In this graph, two observations were made: that there was a 
significant decrease in the coefficient of friction for the 1
st pass of each multiple scratch test 
conducted; and that there was a gradual increase in the coefficient of friction for the 5-pass and 10-
pass scratch tests before it reached a stable value. The coefficient of friction obtained on the plateau 
of the curve was 0.46 for the coarse-grained sample and 0.42 for the fine-grained sample. 
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Figure 91 Individual coefficient of friction measurement of each scratch pass (average values were 
used instead of time dependent coefficient of friction due to limitation of machine) in the multiple 
pass scratch tests for: (a) fine-grained sample and (b) coarse-grained sample using a 200μm tip 
radius diamond indenter. 
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Further investigation was carried out to look at the microstructure of the indenter tip after each 
multiple scratch test. The results are summarized in Figure 92. Previously in Figure 91, it was 
found that there was a dramatic drop in the initial coefficient of friction of the 5-pass and 10-pass 
tests after the 2-pass test was conducted. Then referring to Figure 92, it can be seen that the surface 
morphology of the stylus tip has changed and has incurred grooves after the 2-pass test. In addition, 
the surface profiles obtained on the indenter (Figure 93) also showed that the bulk profile of the 
stylus tip remains intact but incurred a rougher surface profile.  
 
The formation of these grooves can decrease the actual contact area of the indenter tip that is 
available for scratching but after repeated scratch passes, the debris that is composed of fragmented 
nano – sized WC grains and Co matrix is transferred unto the tip of the stylus filling in the grooves. 
Figure 94 shows some sample images of the debris transferred unto the stylus tip which is 
composed of fragmented WC grains and Co, the same composition that was observed in the cross 
section image of the tribo-layer. Because the pits created on the indenter surface are filled with 
WC/Co debris, the contact area remains the same but the microstructure of the surface of the 
indenter changes assuming a two-phase structure. Thus, the gradual increase in the coefficient of 
friction for both samples can be attributed to two factors: an increase in the actual contact area and 
therefore adhesive forces and the formation of the tribo-layer as the number of passes progresses. 
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Figure 92 Coefficient of friction after the 1
st pass of each multiple-pass scratch test. The images correspond to the indenter tip before proceeding to the next multiple-pass 
scratch test (note that there were 4 multiple-pass scratch tests: 1-pass, 2-pass, 5-pass and 10-pass scratch tests)141 
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Figure 93 Sample profiles of the indenter tip comparing the ‘un-used’ profile and after the 10-pass 
scratch tests from the coarse-grained and fine-grained samples.  
 
 
              
                    (a)                                                   (b)                                                   (c)  
 
Figure 94 Sample images of debris transferred unto the diamond stylus tip after scratching the fine-
grained sample (a) after 2 passes (b) after 10 passes (c) enlarged image of (b). 
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5.2.2 Summary 
 
Results of scratch tests carried out using the 200µm radius indenter are summarized as follows: 
 
  The results obtained in the scratch test of WC/Co using a diamond indenter reveals a 
complex interaction of several factors; namely, the bulk material, the formation of the 
tribo-layer on the surface of the bulk material which is composed of fragmented nano – 
sized WC embedded into the Co matrix, and abrasion of the stylus tip during scratching 
and its interaction with the tribo-layer.  
 
  The wear damage mechanism in the scratch tests was dominated by WC grain fracture 
within the scratched region whereas, plastic slip of the WC grains was mainly observed 
near the edge of the scratched region.  
 
  Formation of a tribo-layer was observed on the surface of the scratches. Low voltage SEM 
imaging revealed that this tribo-layer was present as a very thin smeared layer during the 
single scratch test. A cross-section of this tribo-layer showed that it was composed of 
crushed WC grains embedded within a Co matrix. The tribo-layer increased in thickness as 
the number of passes is increased.  
This is a significant finding since the effect of this tribo-layer has not been studied in the 
past and this is a possible protective layer for the WC/Co hardmetal when abraded at very 
low speeds at room temperature.  
 
  Initial formation of tribo-layer on the one and two scratch tests showed that it was more 
pronounced on the fine-grained sample which has higher hardness. 
 
  The coefficient of friction was found to vary with increasing number of passes, most 
notably, during the first pass of each successive test. The 3D images and SEM images of 
the indenter tips showed that the microstructure change with each scratch test which 
affected the coefficient of friction values obtained. In addition, during sliding, the debris 
found on the indenter tip after the test could have contributed to the changes observed on 
the coefficient of friction obtained. 
 
  The average wear rate and coefficient of friction are higher on the coarse-grained sample 
compared with the fine-grained sample which was attributed to the higher hardness of the 
fine-grained sample rather than on the mean contact pressure used (refer to Table 8). A 
graphical summary showing the effect of hardness on wear is presented in Figure 95. 143 
 
 
Table 8 Summary of results for scratch tests using the 200µm indenter.  
 
Sample
HV30 
(Kgf/mm²)
Hertzian mean 
contact pressure 
(GPa)
Wear rate 
(m³/Nm)
Coefficient 
of riction
coarse-grained 980 19 3.7x10-12 0.46
fine-grained 1576 20 1.1x10-12 0.42  
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Figure 95 Wear rate and coefficient of friction summary. 
 
 
 
 
5.3 Multiple Pass Scratch Test Using 10µm Radius Diamond Indenter 
 
This section discusses the tests done using a 10µm radius polycrystalline diamond indenter with a 
constant load of 50mN. The same materials and experimental method were used in the multiple 
scratch tests using 200µm which is found in section 6.2.2. The results of wear measurements on the 
samples and friction coefficient of the system are discussed in the results. 
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5.3.1 Wear Measurement Results 
 
The volume removed during each number of passes was computed in the same way as in the 
macroscratch test using 200µm radius diamond indenter. The graph of volume removed versus 
number of passes is summarized Figure 96 whereas wear rate versus hardness is shown in Figure 
97.  
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Figure 96 Volume removed versus number of passes comparing coarse-grained sample and fine-
grained sample using a 10µm radius diamond indenter. 
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Figure 97 Wear rate versus hardness using a 10µm indenter (coarse-grained sample has lower 
hardness than the fine-grained sample). 
 
The data shows that there is a rapid increase in the volume removed  in the initial stage of the 
scratch passes performed and  it is possible that at higher number of passes, the damage induced on 
the sample is such that a tribo-layer has been formed, enough to affect the tribology of the system.  
The  data  also  shows  lower  wear  on  the  fine-grained  sample  which  is  attributed  to  its  higher 
hardness value. Hardness measurement of the tribo-layer is suggested for future work in order to 
verify this role of tribo-layer in the wear behaviour of WC/Co hardmetals. 
 
 
5.3.2 Coefficient of Friction Measurement Results 
 
A summary of the coefficient of friction obtained for both fine-grained sample and coarse-grained 
sample is shown in Figure 98. These values were taken from the individual passes of each of the 
multiple-pass scratch tests conducted, namely 1-pass, 2-pass, 5-pass, and 10-pass scratch tests. 
 
The behaviour of the first four points suggests that the coefficient of friction gradually decreases to 
a more stable value in the 4
th pass of each test. This is in contrast from the coefficient of friction 146 
 
obtained using the 200µm indenter (see Figure 91) wherein the coefficient of friction is gradually 
increasing before achieving a stable value.  
 
Following a similar observation on the macroscratch test using the 200µm indenter, the 10µm 
indenter tip surface morphology was significantly changed just after the 1-pass test as shown in 
Figure 99. A crack on the tip of the indenter was visible after the first pass but did not propagate in 
the succeeding scratch tests. On the other hand, the tip of the indenter used on the coarse-grained 
sample did not show any significant aberration from the original indenter profile.  
 
Upon further probing of the indenter tip profile used on the fine-grained sample (Figure 100), it 
shows that indenter tip geometry did not deviate significantly from the ideal 10µm radius 
geometry. It was also found that the average coefficient of friction for both samples was about 
0.14-0.15, despite difference in contact area for both samples; this suggests that the wear is a strong 
function of hardness rather than of both hardness and coefficient of friction. 
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Figure 98 Coefficient of friction comparing (a) fine-grained sample and (b) coarse-grained sample 
using a 10μm radius diamond indenter.  
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Figure 99 Coefficient of friction on the first pass of each multiple scratch test with images of the stylus tip prior test.  
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Figure 100 Profile of the stylus tip used on the fine-grained sample taken after each scratch test. 
The inset graph shows a magnified view of the tip and the dotted blue line indicates the ideal 10µm 
radius geometry. 
 
 
 
5.3.3  Summary 
 
In the tests conducted using a 10µm radius indenter, the scratches are not readily visible compared 
with the scratches conducted using a 200µm radius indenter. The results were analysed for wear, 
coefficient of friction measurements and the contribution of the indenter damage to these values. 
 
It was found that wear was higher for the coarse-grained sample and that this is significantly 
influenced  by  the  hardness  value  of  the  material  compared  to  the  effect  of  the  coefficient  of 
friction. A summary of the values obtained for the wear rate, coefficient of friction and Hertzian  
150 
 
mean contact pressure is shown in Table 9 and Figure 101 shows a graphical illustration of the 
influence of hardness on wear. 
 
In addition, a significant change in the microstructure of the indenter tip used for the fine-grained 
sample was observed after the first pass but did not progress after the 2-pass test, whereas, the 
indenter tip used on the coarse-grained sample showed no significant changed from the original 
indenter profile.  
 
 
 
Table 9 Summary of results for scratch tests using the 10µm indenter. 
 
Sample
HV30 
(Kgf/mm²)
Hertzian mean 
contact pressure 
(GPa)
Wear rate 
(m³/Nm)
Coefficient 
of riction
coarse-grained 980 17 8.8x10-13 ~0.14
fine-grained 1576 17 4.5x10-13 ~0.15  
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Figure 101 Wear rate and coefficient of friction summary for scratch tests using the 10µm indenter. 
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5.4 Summary of All Scratch Tests 
 
In summary, it was found that scaling down the indenter radius has an effect on the coefficient of 
friction and wear rate obtained on the fine-grained and coarse-grained samples; namely, a lower 
radius of 10µm lowers the coefficient of friction as well as the wear rate. In addition, the calculated 
Hertzian mean contact pressure was also lower for the 10µm radius indenter using a much lower 
load of 0.05N compared to the 30N load used on the 200µm indenter. The higher coefficient of 
friction on the 200µm radius indenter could therefore be due to the higher contact area as well as a 
higher contact pressure incurred from this test.  
 
From the extensive microstructural analysis of the scratched regions using the 200µm 
radius indenter, it has been shown that the wear of WC/Co is a complex phenomenon, 
wherein the following are observed: 
 
  The results obtained in the scratch test of WC/Co using a diamond indenter reveals a 
complex interaction of several factors; namely, the bulk material, the formation of the 
tribo-layer on the surface of the bulk material which is composed of fragmented nano – 
sized WC embedded into the Co matrix, and abrasion of the stylus tip during scratching 
and its interaction with the tribo-layer.  
 
  The wear damage mechanism in the scratch tests was dominated by WC grain fracture 
within the scratched region whereas, plastic slip of the WC grains was mainly observed 
near the edge of the scratched region.  
 
  Formation of a tribo-layer was observed on the surface of the scratches. Low voltage SEM 
imaging revealed that this tribo-layer was present as a very thin smeared layer during the 
single scratch test. A cross-section of this tribo-layer showed that it was composed of 
crushed WC grains embedded within a Co matrix and that the tribo-layer increased in 
thickness as the number of passes is increased. This is a significant finding since the effect 
of this tribo-layer has not been studied in the past and this is a possible protective layer for 
the WC/Co hardmetal when abraded at very low speeds at room temperature. These 
mechanisms are supported by various wear test measurements conducted in the past 
[59-67]. 
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  Initial formation of tribo-layer on the one and two scratch tests showed that it was more 
pronounced on the fine-grained sample which has higher hardness. 
 
 
Significant information was also obtained on the microstructural changes occurring on the stylus 
tip after each successive scratch test from both tests (using 10µm and 200µm indenters), and this 
surface change together with the formation of the tribo-layer could explain the initial behaviour of 
the coefficient of friction obtained, thus affecting the tribological performance of the system. It was 
found that: 
 
  the coefficient of friction was found to vary with increasing number of passes, most 
notably, during the first pass of each successive test; 
  the 3D images and SEM images of the indenter tips showed that the microstructure change 
associated with each scratch test affected the coefficient of friction values obtained; and, 
  during sliding, the debris found on the indenter tip after the test could have contributed to 
the changes observed on the coefficient of friction obtained. 
 
The tribo-layer generated by scratching has a significant effect on the wear behaviour of the 
WC/Co hardmetals tested and provides a potential surface protection to prevent further damage on 
the bulk material underneath the tribo-layer formed.  
 
It was also evident from both tests using the two indenter diameters that the wear rate is strongly 
influenced by the hardness of the sample; that is, the material with lower hardness (coarse-grained 
sample) incurred higher wear rate. 
  
These results provided a very good baseline data on the samples tested for high temperature 
measurements. It has given insight on the characteristic wear mechanisms using single and multiple 
scratch tests and the effect of scaling down the size of stylus tip used. Moreover, it has given very 
significant information on the nature of the tribo-layer formed on the scratched regions, as well the 
microstructural changes occurring on the stylus tip and how these are manifested in the coefficient 
of friction obtained. 
 
Information on the degradation of the stylus tip gives significant information on the interaction of 
the indenter material with the sample tested. This provided information in ensuring that the 
indenter tip profile used in the high temperature indentation tests is considered. 
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6.0 HIGH TEMPERATURE INDENTATION OF WC/CO HARDMETALS 
 
This chapter discusses the results of the indentation tests carried out on the four WC/Co hardmetals 
referred to in Table 1. The discussion is divided into four categories which are described below: 
 
  hot hardness data analysis including discussions on effect of indent pile-up; 
  factorial ANOVA of hot hardness data to determine the controlling factor at each test 
temperature; 
  indentation creep deformation analysis; and, 
  microstructural analysis of indents using SEM, SEM-EBSD and SEM-FIB.  
 
These results aim to provide information on the controlling factors affecting hot hardness and creep 
of WC/Co and determine the best combination of factors that is suitable for applications where 
hardness and creep are important. In addition, it also aims to understand the damage mechanisms 
occurring on WC/Co when subjected to stress at temperatures up to 800°C. 
 
 
6.1 High Temperature Hardness of WC/Co Hardmetals  
 
The indents obtained from indentation tests at elevated temperatures were measured and analysed 
to give the raw data of hardness versus temperature. These raw data were further analysed to give 
information on the mean values, standard deviation from the mean, the % mean error, the range and 
the upper and lower 95% mean which are all shown in Appendix H. On the other hand, the 
summary of mean values is shown in Table 10. 
 
The incorporation of pile-up on the indent diagonal measurement, and eventually to hardness, is 
one of the added features in this experiment which has not been demonstrated in previous studies. 
This capability is mainly due to the current advancement in high resolution 3D imaging. 
 
The hot hardness data for each hardmetal obtained from Table 10 were then plotted and shown in 
Figure 102 whereas, the percent difference from room temperature is also shown in Figure 103. 
Moreover, the percent difference of hardness values with and without pile-up was obtained and is 
shown in Figure 104. 
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Table 10 Summary of mean hardness values in GPa. These values were derived from indent 
diagonal measurements from the 3D images of indents. 
 
Temp 
(°C) 
HV0.51 
0.87WC
/6Co 
HV0.51 
0.87WC
/6Co, 
with 
pile-up 
HV0.51 
0.87WC
/10Co 
HV0.51 
0.87WC
/10Co, 
with 
pile-up 
HV0.51 
0.25WC
/6Co 
HV0.51 
0.25WC
/6Co, 
with 
pile-up 
HV0.51 
0.25WC
/10Co 
HV0.51 
0.25WC
/10Co, 
with 
pile-up 
20  17.11  15.48  11.75  10.52  19.67  16.50  18.6  16.73 
100  16.36  14.95  -  -  18.86  15.95  -  - 
200  15.35  13.13  10.58  9.55  17.92  15.08  17.51  15.50 
300  14.32  12.55  -  -  17.10  14.21  16.84  14.81 
400  13.57  12.30  9.97  9.00  15.79  14.90  16.02  14.82 
500  11.84  10.32  7.95  7.24  14.39  12.71  14.38  12.86 
600  9.56  8.55  6.84  6.48  10.53  9.47  11.48  10.36 
700  7.61  6.39  5.67  5.36  7.07  6.70  8.27  7.70 
800  -  -  -  -  -  -  5.72  5.60 
 
 
 
  
 
 
            (a) 
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Figure 102 Temperature dependent hardness of (a) 0.87WC/6Co, (b) 0.25WC/6Co, (c) 
0.87WC/10Co, (d) 0.25WC/10Co. 
 
 
 
 
 
 
Figure 103 Summary of % difference of hot hardness data from room temperature values. 
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Figure 104 Percent difference of hardness measurements comparing data obtained with and without 
indent pile-up. 
 
 
 
For the 0.87WC/6Co, the general trend shown in Figure 102a agrees with literature data of a 
WC/Co hardmetal with 6wt%Co and WCags ~< 1µm (see Figure 22). Beyond 500°C, a more 
aggressive drop in hardness was observed until it reached a hardness of 5GPa which is 59% less 
than the hardness value at room temperature. This aggressive drop in hardness is much higher 
compared to the values presented in literature. However, this difference in values from literature is 
not surprising because of factors such as: 
 
-  the difference in the precise values of WCags and wt%Co used from this study, i.e. method 
of WCags determination was not presented in these literature data and homogeneity in size 
of WCags can vary significantly if not verified; 
-  raw data points from literature were not provided but rather, a linear fit of result was shown 
[20, 120]; and 
-  due to contributing factors mentioned in section 3.5. 
    
There is also a reduction in hardness obtained if the pile-up is included in the indent diagonal 
measurement. At room temperature, this amounts to ~ 9% reduction in hardness compared to 
values without pile-up. As the temperature increases, the effect of pile up seems to have markedly  
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decreased (see Figure 102a). The reduction of pile-up at high temperatures >500°C can be due to a 
softening of the Co binder and WCags where resistance to plastic deformation is significantly 
reduced.      
 
If the WC grain size is reduced whilst the Co content is maintained at 6wt% (0.25WC/6Co), the 
temperature dependence of hardness shown in Figure 102b indicates that a smaller WCags 
increases hardness by about 16% compared to the 0.87WC/Co sample. To date, data on the hot 
hardness of ultrafine WC/Co, such as the 0.25WC/6Co sample used in this study, has not been 
available from literature and there are no values to compare it with but follows the general trend 
that smaller WCags increases hardness. 
 
The 0.25WC/6Co hardmetal also experienced an aggressive drop in hardness at temperatures 
>500°C but is more aggressive compared to 0.87WC/6Co. In addition, the effect of pile-up on the 
hardness of 0.25WC/6Co was higher compared to 0.87WC/6Co. 
 
Using a higher Co content of 11wt% (0.87WC/10Co), Figure 102c shows that hardness is 
significantly reduced and that the effect of pile-up is lower compared to the 0.87WC/6Co 
hardmetal. On the other hand, the hardness data of 0.25WC/10Co in Figure 102d, which is a 
combination of change in Co content and WCags from 0.87WC/6Co, showed a higher value of 
hardness. It follows a similar trend to the other three samples wherein the hardness reduction 
showed a more aggressive drop at temperatures >500ºC. In addition, the drop in hardness brought 
about by the effect of pile up was found to be lower than 0.87WC/6Co. 
 
The effect of pile-up on hardness appears to be grouped according to the effect of WCags. The 
smaller grained samples, 0.25WC/6Co and 0.25WC/10Co, have a similar trend in a similar way 
that the effect of pile-up on the larger grained samples, 0.87WC/6Co and 0.87WC/10Co, follows a 
similar trend (see Figure 102 and 104). The highest deviation in hardness values from those without 
the inclusion of pile-up occurs at room temperature, where the effect of temperature has not yet 
ensued. This is maintained up to 400°C and then significantly reduced at temperatures ≥500°C. 
However, in contrast with the samples with lower WCags, the significant reduction on the effect of 
pile-up is slightly delayed for those with higher WCags and occurs at temperatures ≥600°C. This is 
an interesting observation which could indicate the significant role of WCags in the strain 
hardening of WC/Co at high temperatures.  
 
In addition, looking at the summary of the % error difference of hardness obtained with and 
without pile-up in Figure 104, the 0.25WC/6Co hardmetal exhibited the highest effect of pile-up at 
room temperature. There is a wide scatter of data but the general trend shows a diminishing effect  
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of pile-up as the temperature increases. 
 
The temperature dependence of hardness on the various WC/Co samples tested is summarized in 
Figure 105. In general, these results show that at lower temperatures <500ºC, hardness drop is 
moderate, reaching up to about 13% - 30% of the room temperature hardness. The hot hardness 
curves at these temperatures are also relatively parallel to each other (i.e. curves do not intersect 
each other) and thereby can be interpreted in a straightforward manner. 
 
 
 
 
Figure 105 Summary of hardness versus temperature. 
 
 
 
At  temperatures  ≥500ºC,  the  hardness  values  can  rapidly  decrease  to  about  80%  of  the  room 
temperature hardness. This observation mimics a similar phenomenon observed in the previous hot 
hardness tests discussed in section 2.9 wherein a more aggressive drop in hardness is observed at 
temperatures above 500°C. 
 
The decrease in hardness at the higher temperature regime also gets complicated because there are  
intersecting points of the curves which shows a switch in the controlling factor. The 0.25WC/6Co 
sample which had the highest hardness at temperatures ≤500°C started to exhibit a rapid drop in  
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hardness until it intersected the curve of the 0.25WC/10Co at about 530°C, it then went on to 
intersect the curve of the 0.87WC/6Co at about 620°C and proceeded to drop rapidly until it nearly 
intersected the curve of the sample with the lowest hardness, 0.87WC/10Co, at 700°C. 
 
On the other hand, the material which exhibited the slowest drop in hardness at temperatures 
≥500°C was the 0.87WC/10Co based from Figures 102 and 105. The hardness curves at 
temperatures ≥500°C showed intersecting lines in relation to each other and could indicate an 
interaction of the factors used.  
 
These observations show that at temperatures ≥500°C, the hardness becomes more difficult to 
interpret and there is an apparent ‘switch’ of hardness behavior on some of the materials tested – 
which could indicate a possible change in the controlling factor, e.g. whether wt% Co or WC grain 
size or a combination of both. This is difficult to interpret from just looking at hardness versus 
temperature curves and this brings to the statistical analysis presented in the next section.  
 
 
6.2 Factorial Analysis of Variance of Hot Hardness Data 
 
A simple 2x2 full factorial design of experiment was used to determine how the response variable 
is affected by changes in the different factors used (WCags and wt%Co); each of two levels. This 
analysis was done for each test temperature. Table 11 shows the ‘high’ or ‘low’ levels of the two 
factors used which are arbitrarily imposed in the experiment.  
 
 
 
Table 11 Summary of independent variables and their corresponding levels. 
 
Factors  
(Independent Variable)  Description  1
st level, low (-)  2
nd level, high (+) 
A  Co content (wt%)  6  10 
B  WC average grain size 
(µm)  0.25  0.87 
 
 
 
The Co content for 0.25WC/10Co was about 9wt% and the 0.87WC/10Co was 11wt% but since 
only two levels are being considered in the analysis, for ease of analysis, these were averaged out 
and a 10wt% Co was used in the 2
nd level for Co content.  
  
161 
 
In the same way with the 1
st level value of WC average grain size, the actual WCags of the two 
samples were averaged out and a 0.25µm WC grain size was used, thus denoting the samples as 
0.25WC/6Co and 0.25WC/10Co. 
 
Each treatment combination of factors was tested for hot hardness measurements with a minimum 
of three replicates as discussed in the previous section. A simple 2x2 factorial analysis of variance 
(factorial ANOVA) was used to determine whether the means of each factor used are significantly 
different and whether an interaction is present using a method which is the F distribution statistics 
[97]. Further discussion is found in Appendix I. 
 
Table 12 shows that all values of F for the two factors (WCags and wt%Co) and the interaction 
(WCags x wt%Co) are greater than the Fcritical value which is 5.32; except for wt%Co at 700°C. This 
means that at 700°C, the means of wt%Co are not statistically significant to affect hardness at this 
temperature.  
 
 
 
Table 12 Summary of F ratios. 
Temperature (°C)  WCags(0.25,0.87)  wt%Co(6,10)  WCags x wt%Co 
20  447.93  208.92  92.89 
200  529.11  157.22  111.65 
400  477.24  66.80  128.29 
500  561.32  106.03  104.91 
600  865.57  85.61  367.96 
700  28.61  3.70  65.72 
 
 
 
 
From these F ratios, it is also possible to obtain the order of significance of each of the variables 
and the interaction effect [97]. Figure 106 shows a graphical presentation of the F ratio values 
obtained for each of the factors (WCags and wt%Co) and the interaction of these factors.  
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Figure 106 F ratio showing the order of significance comparing WCags, wt%Co and WCags x 
wt%Co. 
 
 
 
From room temperature to 600°C, the dominant factor affecting hardness was WCags. However, 
the interaction effect was found to be significant at all temperatures and especially at 600°C and 
700°C wherein at 700°C, the interaction between the two factors becomes more significant than 
that of WCags.  
 
Due to the presence of dominance of the interaction of the two factors, it was necessary to 
determine the degree of dependence of one factor to the other. Two sets of plots were made: first is 
a set of plots on the effect of wt%Co whilst maintaining a constant WCags (Figure 107), and 
another which varies the WCags whilst the wt%Co is held constant (Figure 108). If the lines on the 
plot do not intersect, then no significant interaction is present, skewed lines indicate possible 
interaction whereas lines that intersect each other indicate an interaction of the variables [97]. 
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      (c)            (d) 
 
      
      (e)            (f) 
 
Figure 107 Effect of Co content on hardness measured: a) 20ºC, (b) 200ºC, (c) 400ºC, (d) 500ºC, 
(e) 600ºC, (f) 700ºC 
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      (a)            (b) 
 
   
      (c)            (d) 
 
   
      (e)            (f) 
 
Figure 108 Effect of WCags on hardness measured: a) 20ºC, (b) 200ºC, (c) 400ºC, (d) 500ºC, (e) 
600ºC, (f) 700ºC 
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From room temperature to about 500°C, the two way interaction plots in Figures 107 and 108 
showed that the lines are skewed – which could indicate a possible interaction. Looking at Figure 
107, the interaction (WCags x wt%Co) is significant but the effect of WCags is twice as significant.  
 
However, at higher temperatures (>500°C), the interaction plots show intersecting lines which 
indicate that the interaction of the two factors on hardness becomes increasingly significant. 
 
From room temperature to 500°C, the interaction plots comparing the effects of WC grain size and 
Co content appear to have a similar behavior. At very fine WCags of 0.25µm, Co content does not 
have a strong influence on the hardness obtained. However, at a higher WCags of 0.87µm, Co 
content has a stronger influence such that a lower Co content is more favorable to increase 
hardness.  
 
On the other hand, WCags has a significant effect on the hardness obtained on both values of wt% 
Co used but is more significant at the higher wt% Co. For these range of temperatures, WCags has 
a greater influence on the hardness measured, i.e. the lower the WCags, the higher the hardness 
which was illustrated in Figure 105. 
 
Looking at temperatures above 500°C, the interaction plot at 600°C shows that when a finer WC 
grain size of 0.25µm is used, a higher Co content is more favorable for an increased hardness, a 
lower Co content on the other hand reduces hardness. If a bigger WC grain size of 0.87µm is used, 
the lower Co content shows increased hardness.  
 
For a 6wt% Co, the effect of WC grain size is slightly reduced but it still follows a pattern from 
previous temperatures that a lower WCags increases hardness. At 10wt% Co, the effect of WC 
grain size remains the same; a lower WC grain size greatly increases hardness.  
 
The F ratio in Figure 106 suggests that WC grain size is still a dominant factor which varies 
depending on wt% Co content. At a much higher temperature of 700°C, the interaction of the two 
variables becomes much more significant as seen in Figure 107. For a 0.25µm WC grain size, the 
effect of a lower wt% Co to reduce hardness becomes higher compared to a similar effect at 600°C.  
 
In a similar way, looking at the 6wt% Co, a change in WC grain size has a more profound effect 
compared to a similar effect at 600°C.  
 
These results suggest that the dominating factor in the hot hardness of WC/Co hardmetals is 
complex. At lower temperatures of <500°C, the main effect of WC grain size has the greatest  
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impact; however, it must be emphasized that its dependence on wt% Co should also be taken into 
account. This is especially true at much higher temperatures, > 0.4Tm, wherein the interaction of 
both WC grain size and wt% Co plays a very significant role. The significance of the Co matrix in 
the hot hardness at higher temperatures could be explained by the softening of the WC grains at 
these temperatures – no longer does the WC act as the very hard and rigid structure and more 
plastic deformation is being experienced by the WC grains. Further probing of the plastic 
deformation of the WC grains is discussed in the microstrucral analysis section of this chapter. 
 
The interdependence of WC grain size and wt% Co at higher temperatures is further manifested in 
the shift in hardness trend between the 0.87WC/6Co and 0.25WC/6Co at a temperature of about 
680ºC (Figure 105). A similar trend is predicted in the 0.25WC/10Co and 0.87WC/10Co samples, 
however, the shift in the hardness values appears to be delayed to a much higher temperature 
(>800ºC ) that is beyond the temperature range of this experiment.  
 
 
6.3 Indentation Creep Results 
 
This section discusses the indentation creep tests performed at temperatures ≥500°C where creep of 
WC/Co is significant. The first two sections discuss the creep strain data of all the WC/Co samples 
and the effect of creep on hardness. This is followed by further analysis of indentation creep data of 
the 0.87WC/6Co hardmetal. This is the first attempt that a detailed analysis of indentation creep is 
performed on WC/Co, and therefore, these results are preliminary data.    
 
 
6.3.1 Indentation Creep Strain Data Analysis 
 
In order to explore the time dependent plasticity of WC/Co, a hold period at the maximum load 
with varying times of 5s, 15s, 60s, 120s and 300s were introduced at temperatures ranging from 
500ºC - 700ºC. The indent diagonals were then measured and compared with the in-situ time versus 
displacement data obtained.  
 
The plots of the raw data in Figure 109 show the non-linear time dependence of the measured 
indent diagonal of each of the samples tested at varying temperatures. In order to determine the 
indentation creep strain rate according to Equation 5 [54], the intercept of the semi-log plots of D 
versus dwell time in Figure 110 were used to determine the length of indent diagonal, D0, at 
time~1s.  
  
167 
 
 
 
 
 
      (a)            (b)     
 
   
(c)            (d)     
 
Figure 109 Variation of length of indent diagonal and dwell time for (a) 0.87WC/6Co; (b) 
0.87WC/10Co; (c) 0.25WC/6Co; and (d) 0.25WC/10Co. 
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(a)                                                        (b)     
 
   
(c)            (d)     
 
Figure 110 Semi-log plot of length of diagonal and dwell time for (a) 0.87WC/6Co; (b) 
0.87WC/10Co; (c) 0.25WC/6Co; (d) 0.25WC/10Co. 
 
 
 
The indentation creep displacement strain,  𝜀  , can then be calculated from the change in indent 
diagonals according to the following equation: 
 
 
𝜀 =
?𝑖 − ?0
?0
 
                Equation 24 
 
Where  ?𝑖 is the length of diagonal at time  ?𝑖  (where  𝑖 is 1s, 2s, 3s, etc.) and  ?0  is the length of 
diagonal at time ?1 . 
 
The slopes obtained in Figure 110 were extracted and plotted against temperature and is shown in 
Figure 111. This shows that the rise in slope was markedly increased at temperatures reaching  
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700°C  and  800°C.  It  also  shows  that  this  increase  is  more  pronounced  for  the  0.87WC/10Co 
sample. In the assumption that indenter degradation is not present in the tests conducted, this data 
confirms the switch in the controlling factor seen in the hot hardness data. 
 
 
 
 
Figure 111 Comparison of the slope of length of diagonal versus log dwell time with respect to 
temperature for the various samples tested. 
 
 
 
6.3.2 Effect of Creep on Hot Hardness 
 
The creep corrected hardness is shown in Figure 112. This was obtained by using the intercept 
values of Figure 110 as the hardness value at the onset of indentation (i.e. at t~1s) to determine the 
creep corrected hardness at temperatures ≥500°. The % error difference, %?? , of the creep 
corrected hardness, 𝐻? , was calculated using Equation 25, summarized in Table 13 and shown 
graphically in Figure 113.  
 
%?? =
𝐻? − 𝐻?
𝐻?
?100% 
          Equation 25 
 
The results show that from 500°C to 600°C, the effect of creep on hardness is relatively small with 
a %ED of <10%; however at higher temperatures of 700°C-800°C, the effect of creep becomes 
more pronounced. This is especially true for the 0.25WC/10Co hardmetal wherein the %ED was 
14% and 16% was at 700°C and 800°C respectively.  
  
170 
 
In addition, Figure 112 shows that the inflection point of the two WC/Co hardmetals with 6wt% 
Co, 0.87WC/6Co and 0.25WC/6Co, was lowered to ~630°C, when compared with the values 
obtained without creep which was about 680°C. This result gives significant insight on the role of a 
larger WCags for creep resistance.  
 
 
 
 
 
Figure 112 Creep corrected high temperature hardness.  
 
 
 
Table 13 Calculated % error difference for the creep corrected hardness. 
 
Temperature (°C)  % Error Difference for Creep Corrected Hardness 
0.87WC/6Co  0.87WC/10Co  0.25WC/6Co  0.25WC/10Co 
500  6.33  8.91  3.85  4.11 
600  7.33  9.94  3.99  2.16 
700  7.96  11.44  4.26  13.69 
800   -  -   -   16.27 
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Figure 113 Percent error difference for the creep corrected hardness. 
 
 
 
6.3.3 Indentation Creep Strain Rate Analysis for 0.87WC/6Co Hardmetal 
 
Plot of the creep displacement strain versus time for the 0.87WC/6Co sample in Figure 114 shows 
a nonlinear relationship having an arbitrary separation which is marked by an initial rapid increase 
in strain. The indentation creep strain rate was also plotted against time as shown in Figure 115.  
 
This also shows that the indentation creep strain rate is dependent on temperature and increases 
with increasing temperature. This behavior was also observed in the other three hardmetals tested, 
however in this further analysis of indentation creep, an in depth analysis was only performed on 
the 0.87WC/6Co. 
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Figure 114 Creep displacement strain versus dwell time for 0.87WC/6Co. 
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Figure 115 Creep displacement strain rate versus dwell time for 0.87WC/6Co. 
 
 
 
Figure 116 shows the linear dependence of the indentation creep displacement strain with the 
applied stress (here, the applied stress was obtained using Equation 11). This indicates that in an 
isothermal condition, the applied stress is changing with time and that the measured creep strain is 
inversely proportional to the applied stress or to the measured hardness of the material – that is 
strain proceeds linearly with a decrease in the applied stress.   
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Figure 116 Applied stress versus creep displacement strain for 0.87WC/6Co. 
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Figure 117 Normalised applied stress versus creep displacement strain rate (E in the equation 
denotes exponent). 
 
 
 
As the temperature is increased further, the stress necessary to induce further strain decreases 
which also shows further softening of the material (i.e. reduced hardness) at higher temperatures. It 
also shows that the rate to which the applied stress decreases in order to induce more strain is 
significantly lowered at higher temperatures. 
 
Beyond the yield strength, there exists a maximum stress after which the stress – strain plot showed  
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that there was a steady decline in the stress whilst the strain in the specimen increases [134]. The 
rate of decline also decreases with increasing temperature. 
 
It is not surprising that the strain induced using indentation creep produces higher values than those 
obtained using uni-axial tests. In previous tests, it was found that the room temperature strain of 
WC/Co hardmetals in multi-axial compression is much greater than in uni-axial compression [136-
140] and for a WC/Co hardmetal with 6wt%Co, the permanent strain in multi-axial compression 
was observed to be 5x more than in the uni-axial compression test [139-140].  
 
 
6.3.4 Indentation Creep Stress Exponent 
 
The review of literature in section 2.10 of this thesis gives an overview of the various models used 
to predict the stress exponent of WC/Co from creep tests and using these models, a preliminary 
attempt to determine the indentation creep stress exponent of the 0.87WC/6Co hardmetal sample is 
discussed in this section. Furthermore, due to the multiaxial loading of the indentation creep test, 
coupled with the two-phase structure of the WC/Co, the incorporation of a backstress in the 
determination of the stress exponent is also included. 
 
At low temperatures, the flow strength depends to some extent on the strain rate but at temperatures 
≥500°C, the dependence on shear strain rate, 𝗾 , on the normalized shear stress  𝜎? 𝜇     (where 𝜎?   is 
the applied shear stress and 𝜇  is the shear modulus of elasticity) a power law relationship of the 
form [70]: 
 
 
𝗾𝗼 
𝜎?
𝜇
 
?
 
              Equation 26 
 
Where  
  𝗾 =  3 𝜀                 Equation 27 
 
  𝜎? = 𝜎?  3                 Equation 28 
 
A sample plot of 𝗾  versus 𝜎? 𝜇     for 0.87WC/6Co in Figure 118 shows that a power law creep 
holds at temperatures ≥500ºC and the slope of a log-log plot of 𝗾 and  𝜎? 𝜇    should give the stress 
exponent ? . This plot is shown in Figure 119; however, the values of the stress exponent ?  were 
very large.   
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Figure 118 Power law relation of shear strain and shear stress for 0.87WC/6Co. 
 
 
 
 
 
 
 
Figure 119 Log – log plot of shear strain rate versus normalized shear stress. 
 
 
 
Due to these unusually high values of ? obtained from the indentation creep tests using 
conventional creep models, other creep models discussed in section 2.10 were also used in order to 
determine the best fit for the creep data obtained from indentation creep tests. It was found that data  
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from indentation creep tests fit two creep models: namely, that of Equation 5 used by Roebuck and 
Almond [135, 146] and using the concept of backstress on creep.  
 
There is no previous information on the use of backstress to interpret the creep behavior of WC/Co, 
however, in previous literature on metal-matrix composites or particle strengthened alloys [107, 
110], the unusually high ?  values have been attributed to the existence of a backstress or internal 
stress,  𝜎0  acting in opposition to the applied stress. As a result, the steady state creep rate is related 
not to the applied stress,𝜎? , but to the effective stress,  𝜎? ,  given in Equation 12 [107, 109] and 
the determination of the backstress is discussed in detail in Appendix J.  
 
The use of these two models to try to describe creep is a preliminary attempt and interpretation of 
results is primarily based on the general trend obtained; thus, it is emphasized that further work is 
needed to verify these results. 
 
A summary of the stress exponents obtained using the two creep models are shown in Figure 120 
and 121.  
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Figure 120 Stress exponent values obtained using creep model from Roebuck and Almond [135, 
146]. Vertical dashed lines are standard error bars. 
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Figure 121 Stress exponent values obtained using creep model incorporating the backstress 
concept. Vertical dashed lines are standard error bars. 
 
 
 
The results show that although results of Figure 120 did not incorporate a backstress concept, it is 
notable that the range of stress exponents obtained from both models is comparable. In summary it 
can be inferred from these figures that: 
 
  The  general  trend  is  grouped  in  to  two  categories:  that  of  the  higher WCags  samples 
(0.87WC/10Co and 0.87WC/6Co) and that of the lower WCags samples (0.25WC/10Co 
and 0.25WC/6Co).  
   There is a general trend of decreasing stress exponent with increasing temperature for the 
0.87WC/10Co and 0.87WC/6Co samples. 
  There  is  an  increase  in  the  stress  exponent  of  the  0.25WC/10Co  and  0.25WC/6Co  at 
temperatures  >600ºC.  This  supports  the  switch  in  behavior  of  the  0.87WC/6Co  and 
0.25WC/6Co observed on the hardness results shown in Figure 105 and creep corrected 
hardness in Figure 112 and therefore, this could provide further insight into the role of the 
Co matrix in the overall plastic deformation of WC/Co at temperatures >600°C. 
  
178 
 
At this point, this is only the first attempt to determine the stress exponent and in the case of the use 
of the backstress concept, this is not fully understood. A similar work could be compared with the 
study of surface residual stresses obtained in WC/Co by grinding; here the compressive stresses 
introduced in the WC phase was raised up to 1.5GPa to a depth ranging from 10-100µm depending 
on Co content and severity of grinding [117]. This range of residual stresses seems to agree with 
the range of backstress values obtained in Figure 121. However, similar attempt to determine the 
residual stresses surrounding the indents using XRD was not feasible due to the difficulty in 
locating the indent area before and after testing.  
 
The existence of a backstress during indentation creep needs to be further investigated and 
ascertain the role of Co in the overall plastic deformation of WC/Co, i.e. on the dislocation motion 
of the Co binder with the use of transmission electron microscope. In addition, the method of 
indentation as a means for measuring creep can be compared with standard compression creep tests 
using similar test parameters and temperatures.  
 
 
6.3.5 Determination of the Activation Energy 
 
The determination of the activation energy, Ea, is important because it provides a way of 
distinguishing several possible creep mechanisms and a change in the activation energy with 
temperature signifies a change in mechanism [106]. In general, for most metals,  ?~1   for 
diffusional creep, ?~3 − 6   for dislocation power law creep and that the value of Ea is often equal 
to the activation energy for self-diffusion [107].  
 
In this study, a preliminary attempt was likewise conducted to determine the activation energy of 
0.87WC/6Co. From the experiments done by Dorn and co-worker [106], over small temperature 
changes, the parameter A remains constant and the activation energy can be obtained by carrying 
out a creep test at T1 for a constant stress until at a suitable strain, the temperature is suddenly 
changed by a small amount at T2. If a single activation process is assumed (at a constant stress), the 
activation energy may be obtained from the plot of 1/T versus  ??𝜀   and a plot made for the 
0.87WC/6Co samples is shown in Figure 122. 
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Figure 122 Ln creep rate with respect to 1/T in Kelvin.  
 
 
 
The activation energies for 0.87WC/6Co from a temperature change of 500ºC-600ºC and 600ºC-
700ºC; are ~128kJ/mol and ~174kJ/mol respectively. This result shows that the activation energy is 
temperature dependent and that the values obtained are close to the obtained W diffusion in bulk 
fcc Co which lies in the range of ~105-139kJ/mol [118] or the monovacancy formation energy for 
bulk fcc Co which is ~123-137kJ/mol [119]. 
 
These preliminary results show that indentation creep is an emerging method in determining the 
creep mechanisms of WC/Co. However, it is also found that the creep analysis of WC/Co is 
complicated by the presence of the two-phase structure of this material and again, at this point, it is 
emphasized that the determination of activation energies need more sets of experiment in order to 
establish the creep mechanisms involved.  
 
 
6.4 Microstructural Analysis 
 
Changes associated with the microstructure of the hardmetals tested; particularly on the WC grains 
were analyzed using SEM. It is noted that these microstructural analysis is restricted to the WC 
grains and further work to include the deformation in the Co binder using TEM is recommended 
for future work.  
 
A cross-section of indents tested at room temperature and elevated temperature were obtained using  
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FIB milling to reveal changes underneath the indent. Furthermore, depth profiling was done by 
polishing a few microns through the depth of the indent to reveal changes in the microstructure 
when tested at various temperatures. These were done using EBSD. These results are discussed in 
the following sections. 
 
  
6.4.1 Surface Analysis of Indents 
 
The SEM images of an indent made on the 0.87WC/6Co sample at room temperature are shown in 
Figure 123. At room temperature, the deformation is mainly governed by WC grain slip and 
intragranular cracking (Figure 124).  
 
 
5µm
2µm
 
Figure 123 SEM images of indent on 0.87WC/6Co at room temperature. 
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1µm 1µm  
      (a)            (b) 
 
Figure 124  SEM images of indent on 0.87WC/6Co at room temperature using (a) 10kV 
accelerating voltage, and (b) at 0.5 kV accelerating voltage. 
 
 
 
On this occasion, there was no observable crack on the corners of the indent as would have been 
expected on the indents made using a conventional Vickers hardness machine. This is due to the 
very low loading rate applied (~0.08N/s) compared with the instantaneous loading rate used in 
conventional Vickers hardness testers.  .  
 
In Figure 124, using a very low accelerating voltage to probe the top layer of the indent surface, a 
similar technique used in imaging scratched surfaces in chapter 5 of this thesis, it was found that 
there exists a very thin tribo-layer formed on the surface of the indent.  
 
This thin tribo-layer could be predominantly Co, being the softer and ductile phase in the 
hardmetal, smeared on the surface during the indentation process. In the scratch tests conducted in 
chapter 5, the tribo-layer was found to be predominantly Co. 
 
The SEM images of an indent taken at 700°C are shown in Figure 125. The size of the indents at 
this temperature is expected to be much bigger than those at room temperature.  
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            (a) 
 
 
            (b) 
 
Figure 125 Low accelerating voltage SEM images of indents after tests made at 700°C: (a) 
0.87WC/6Co and (b) 0.87WC/10Co. Encircled regions show plastic flow of WC grains. 
 
  
183 
 
The SEM image also shows that there is possible oxidation on the indented surface. However, this 
possible oxide layer is very thin and does not cause a significant change in the indent 
measurements conducted. 
 
These images in Figure 125 show that there is no tribo-layer formed in contrast to the indent 
obtained at room temperature shown in Figure 124. The degree of deformation on the WC grains is 
more pronounced – the amount of slip observed on the WC grains is more evident and there is very 
distinct intergranular and intragranular cracking observed on the outline edges of the indent 
(Figures 125a). 
 
The WC grains on the indented surfaces also appear deformed on the surface – a wavy appearance 
as opposed to the room temperature indent wherein the indented surface is flat with WC grains 
showing slip bands and occasional intragranular cracking.  
 
This observation indicates a significant flow of material on the surface being indented during the 
indentation process at 700°C. The high stress coupled by the high temperature could have induced 
this kind of deformation – a three dimensional shape change on the WC grains. At this point, it 
would be important to also measure the shape change associated with the Co binder considering the 
activation energy equate with diffusion in Co, however, this was not included in this thesis and 
further work on this is needed. 
 
 
6.4.2 Sub-surface Analysis of Indents 
 
The indents were subjected to sub-surface analysis using FIB-SEM and EBSD. The results of these 
are discussed in the following sections. 
 
 
6.4.2.1  Using FIB – SEM 
 
A cross-section of the indents taken at 20°C, 300°C and 800°C was conducted using FIB milling 
with real-time SEM imaging and these are shown in Figures 126-128. Figure 126 and 127 show no 
observable deformation on the WC grains as well as not having any significant change underneath 
the indent using this technique. 
 
Looking at the cross section of the indent at obtained 800°C in Figure 128 however, shows some 
amount of slip on the WC grains underneath the indent. It also appears to show some compaction  
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(red arrows and circle) of the WC grains underneath the tip of the indent where possible 
intragranular cracking is observed. However, due to the low resolution of the image, this is not 
easily verifiable.  
 
Due to some difficulty encountered in obtaining a high resolution image of the cross – section of 
the indents using FIB-SEM, the next method of sub-surface analysis was carried out using EBSD 
imaging which is discussed in the next section. 
 
 
 
Figure 126 FIB – SEM image of an indent tested at room temperature. 
 
 
 
Figure 127 FIB-SEM of an indent tested at 300°C. 
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Figure 128 FIB-SEM of an indent tested at 800°C. Encircled region and arrows show areas of 
compaction. 
 
 
 
6.4.2.2  Using EBSD 
 
A combination of SEM and EBSD imaging to further analyze the surface deformation of the 
indents performed on the 0.87WC/6Co sample. EBSD was used to identify WC grain boundaries, 
WC misorientation data, boundary properties such as twin and slip lines and intragranular 
deformation.  
 
In order to perform EBSD of the samples with indents, these were back – polished to a certain 
desirable depth below the surface. This was carried out through a careful process of removing a few 
microns (~1 – 2 µm) through polishing, in order to probe the sub-surface layer of the surface 
surrounding the indents using EBSD. The surface was mirror polished with the consideration that 
EBSD imaging is very sensitive to the surface condition of the sample and the samples have to be 
carefully polished to employ this method. 
 
The SEM images of the back-polished indent at room temperature in Figure 129 shows presence of 
slip lines on the WC grains immediately surrounding the indent. And as the temperature is 
increased to 400°C (Figure 130), slip lines are more readily observed on the WC grains around the 
indent.  
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2µm
 
Figure 129 SEM image of back-polished indent taken at room temperature. Arrows indicate slip 
lines. 
 
 
2µm
 
Figure 130 SEM images of a back-polished indent taken at 400°C. Encircled regions show the 
interaction of the WC grains forming a ‘pore’ like structure. 
  
187 
 
 
The image also shows presence of ‘pore-like’ structures on some of the WC-WC interfaces 
(encircled in Figure 130). At this temperature, the WC grains seem to respond to the applied stress 
by slip deformation but because of the restrictions imposed by adjacent WC grains also undergoing 
this type of deformation, a shape change is required in order to accommodate the applied stress.  
 
At higher temperatures ≥500°C, the WC grains lose a significant amount of hardness making them 
softer and more susceptible to deformation. The image in Figure 131 show severe plastic 
deformation that is accompanied by distortion of the WC grain edges where slip lines were also 
present (WC grain marked ‘A’). At 600°C severe deformation is observed that is manifested by 
distortion of the WC grains as shown in Figure 132.  
 
At temperatures ≥700°C (Figures 133 and 134), there is a significant amount of deformation 
associated with rounding of the WC grain edges (shape change), particularly on the large WC 
grains. This is consistent with the SEM image of an indent in Figure 125, wherein the WC grains 
on the indented surface were not flat, but rather shows an out-of-plane deformation indicative of 
severe plastic deformation.  
 
 
2µm
 
 
Figure 131 SEM images of a back-polished indent taken at 500°C. 
 
A 
A  
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2µm
 
 
Figure 132 SEM images of a back-polished indent taken at 600°C. 
 
 
 
 
2µm
 
 
Figure 133 SEM images of a back-polished indent taken at 700°C. 
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2µm
 
 
Figure 134 SEM images of a back-polished indent tested at 800°C. 
 
 
 
 
 
The EBSD image quality map at room temperature in Figure 135 shows a more detailed slip 
deformation map of the WC grains surrounding the indent which was not very evident on the SEM 
image in Figure 129. At 400°C (Figure 136), the area where twinning and slip are observed on the 
WC grains surrounding the indent is wider than that observed at room temperature. The amount of 
slip observed on the WC grains is also more pronounced.  
 
 
 
  
190 
 
5µm
 
 
Figure 135 EBSD image quality map of a back-polished indent taken at room temperature. 
 
 
 
 
 
Figure 136 EBSD image quality map of a back-polished indent tested at 400°C.  
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In addition to the shape change observed in the SEM image in Figure 134, the deformation of the 
WC grains at 800°C (Figure 137) shows a very different behavior from those seen at room 
temperature and 400°C.  
 
A comparison of EBSD images of indents at 400°C and 800°C in Figures 136 and 137, 
respectively, show that whereas deformation at room temperature is predominantly due to slip 
deformation of the WC grains, there are no observable slip lines on the WC grains at 800°C, but 
rather, there appears to be intragranular plastic deformation of the WC grains - a type of 
deformation that may be associated with more ductile metals such as aluminium.  
 
At 800°C, a significant softening of the WC grains occurs as manifested by a significant drop of 
hardness at this temperature. This softening allows the WC grains to deform in a ductile manner in 
order to accommodate the applied stress. This is manifested in the shape changes observed on the 
WC grains, particularly, on the large WC grains. 
 
The SEM image of an indent taken at 800°C for the finer grained sample (0.25WC/6Co) in Figure 
138 also shows that plastic flow was present accompanied by WC grain shape change that was 
observed in the 0.87WC/6Co sample. The deformation observed from the orientation colour with 
image quality map shows that severe intragranular plastic deformation is also present. This shows 
that this type of deformation may not be entirely dependent on WCags but is due to the response of 
the material with applied stress at very high temperatures. 
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            (a) 
 
2µm  
            (b) 
 
Figure 137 EBSD at 800°C: (a) image quality map of a back-polished indent, and (b) orientation 
colour with image quality map of back-polished indent with SEM image insert. The orientation 
colour map with image quality enable better distinction of the individual WC grains and their 
orientation that are otherwise difficult to discern from the image quality map.    
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2µm
 
 
 
Figure 138 EBSD orientation colour with image quality map of back-polished indent on a 
0.25WC/6Co sample taken at 800°C (with SEM image). 
 
 
 
The  EBSD  images  show  that  severe  plastic  deformation  occurs  on  the  WC  grains  at  high 
temperatures  ≥500°C  that  is  manifested  by  shape  deformation  as  well  as  intragranular  plastic 
deformation of the WC grains. This is the first time that this kind of analysis has been made 
available for WC/Co hardmetals and further work is needed to quantify the extent of linearity of 
deformation as test temperature changes. It was previously noted that activation energies relate to 
diffusion in Co and shape change associated with the Co binder is desired for future work. 
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6.5 Summary of Results 
 
In summary, the results show that hardness is a strong function of temperature and that the trend is 
categorized in to two temperature regimes, namely; a gradual drop in hardness from room 
temperature up to 400°C and a more aggressive drop in hardness from 500°C up to 800°C. In 
addition, the extensive microstructural analysis also showed a significant change in the plastic 
deformation of the WC grains as the temperature reaches the high temperature regime. 
 
In the low temperature regime, the following were observed: 
  the hardmetals with lower WCags, i.e. 0.25WC/6Co and 0.25WC/10Co, have higher values 
of hardness; 
  factorial ANOVA shows that the controlling factor is WCags and that a low WCags and 
low wt% Co combination, i.e. 0.25WC/6Co,  is most suitable in retaining hot hardness at 
these temperatures; 
  the effect of pile-up on hardness is significant and is most profound on the low WCags 
hardmetals (0.25WC/6Co and 0.25WC/10Co); and, 
  the damage mechanism is characterized by the plastic deformation of WC grains through: 
slip formation, intragranular fracture on the indented surface and some degree of 
intergranular fracture along the edges of the indent diagonal.  
 
Whereas, in the high temperature regime, the following were observed: 
  the hardmetals with lower WCags (0.25WC/6Co and 0.25WC/10Co) had a more 
aggressive drop in hardness compared to those with higher WCags (0.87WC/6Co and 
0.87WC/10Co); 
  factorial ANOVA shows that the interaction effect of WCags and wt%Co becomes highly 
significant at 600°C such that WCags alone is not the dominant factor in retaining hot 
hardness; 
  the effect of pile-up is significantly reduced and diminishes at temperatures  ≥700°C which 
suggests a significant softening of the material; and, 
  microstructural analysis revealed severe plastic flow on the WC grains accompanied by 
WC grain shape change at 600°C, these became more evident at 700°C and 800°C. These 
deformation mechanisms may be associated with the switch in the controlling factor at 
600°C, which is also manifested in the significant reduction of the pile-ups at 600°C.  
 
It was noted in literature that wear of WC/Co has a strong correlation with hardness (refer to 
section 2.7), and this strong dependence makes the determination of hot hardness significant in 
applications where WC/Co is subjected to high temperatures. Moreover, the aggressive drop in  
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hardness at temperatures ≥500°C and the change in the controlling factor of hot hardness at 600°C 
indicate that careful selection of WCags and wt%Co combination must be employed for 
applications where the WC/Co is subjected to these temperatures.  
 
To aid in this selection process, a plot showing the general trend of hot hardness on various WCags 
and wt%Co combinations is shown Figure 139. This is divided into two temperature regimes 
indicated by the two arrows: from room temperature up to 500°C and from 600°C to 700°C; and 
the direction of arrows indicates the best WCags and wt%Co combination for improved hardness.  
 
Using this graph, the low temperature regime shows that the low WCags and low Co content 
combination is most desirable, i.e. 0.25WC/6Co. However, in applications where the contact 
temperature may reach ≥600°C, the low WCags and high Co content combination is most 
desirable, in contrast, the low WCags and low Co content combination is not preferred at these 
temperatures.  
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Figure 139 Summary of hot hardness results. 
 
 
 
The effect of creep on hardness also provides significant information on how the material responds 
to prolonged high temperature exposure at temperatures ≥500°C. Although it is at its preliminary 
stage, the comprehensive indentation creep tests conducted on the four WC/Co hardmetals enabled 
a comparative analysis of their creep deformation.    
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The creep deformation obtained was further analysed to provide a selection guide for the 
appropriate WCags and wt%Co combination in applications where creep is important. This is 
shown in Figure 140.This is divided into two temperature regimes indicated by the two arrows; and 
the direction of arrows gives the best combination of WCags and wt%Co for creep resistance.   
 
Looking at the graph, in the lower temperature range (500°C - 600°C), the WCags is the 
controlling factor. A lower WCags is preferred and an increasing desirability is achieved if this is 
combined with a lower Co content, i.e. 0.25WC/6Co. On the other hand, at higher temperatures 
(700°C - 800°C), the controlling factor is switched to the Co content; and that a low Co content and 
low WCags combination is most resistant to creep. It shows therefore, that from 500°C - 800°C, the 
best combination of WCags and wt%Co to resist creep is the 0.87WC/6Co hardmetal. 
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Figure 140 Summary of effect of creep deformation on hot hardness. 
 
 
 
In contrast, the material selection for hot hardness from room temperature up to 700°C is not as 
straightforward. In addition, the results show that a material exhibiting high hot hardness may not 
be a material of choice for creep applications and therefore, Figures 139 and 140 can be used as an 
excellent tool to determine the most suitable combination of WCags and wt%Co for hot hardness 
and creep resistance. 
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The microstructural analysis has provided detailed information on the complex form of damage 
mechanisms occurring on the WC/Co at high temperatures; and which has not been studied 
previously. At temperatures ≥600°, the change in the controlling factor for hot hardness, as well as 
the diminishing effect of pile-up maybe explained by the significant plastic flow accompanied by 
the shape change that is seen on the WC grains.  
 
At these temperatures, the Co matrix would have also experienced significant plastic flow and 
would have been too soft to carry any load [117]. The role of Co as a binder is therefore 
significantly altered. Moreover, the loss of strength of the Co binder could also explain the 
preference of a low Co content for creep resistance at temperatures ≥700°C. In relation to this, the 
initial attempt to determine the activation energy and creep exponent using the existence of a 
backstress can be further understood by the studying the contribution of the Co binder to the overall 
deformation of the WC/Co hardmetal. 
 
Therefore, in order to have a holistic understanding of the damage mechanisms occurring in 
WC/Co hardmetals at high temperatures, investigation of the plastic deformation of Co binder 
needs to be done. In addition, further work may be carried out to quantify the WC ‘shape change’ 
and correlate these with the plastic deformation of the Co binder at temperatures ≥500°C. 
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7.0 CONCLUSION 
 
This thesis presents a comprehensive study of the three areas of WC/Co wear analysis: wear 
analysis through scratch testing; wear analysis through indentation hardness tests; and indentation 
creep tests. These were accompanied by detailed microstructural and compositional analysis using 
SEM, EBSD, FIB, EDX, SIMS, and advanced 3D imaging.  
 
Moreover, this type of comprehensive analysis has not been available in previous literature, mainly, 
due to the unavailability of a test system that can perform these tests. And therefore, the high 
temperature indentation tests were not possible without the successful build of the high temperature 
indentation test rig which is part of this thesis - a powerful and robust machine that is capable of 
conducting microindentation tests over a range of loads up to 20N and temperatures up to 800°C; at 
high vacuum conditions. 
 
The comprehensive method of analysis employed in the scratch tests established a strong 
relationship of room temperature hardness with wear of WC/Co hardmetals and provided new 
information on the room temperature wear of WC/Co. The results show the following: 
  that a three-body abrasion mechanism is in operation: that of the indenter, the material 
being abraded, and the debris forming a barrier between the indenter and the material being 
abraded; 
  that the resistance to wear increases with increasing hardness but the detailed 
microstructural analysis provided information on the mechanisms involved; in particular, 
the formation of the tribo-layer was thoroughly examined; the tribo-layer was present on 
the scratched surface which was more evident on the sample with higher hardness and that 
the tribo-layer is composed of a dense layer of re-deposited fragments of nano-sized WC 
grains embedded in a Co matrix; 
  that the tribo-layer provides protection from further damage of the underlying bulk 
material; and 
  that the coefficient of friction is influenced by the contact area as well as the chaning 
surface morphology of both the indenter and the scratched surface due to formation of the 
tribo-layer. 
 
These observations are new which also provided baseline data on the methodology used in the high 
temperature indentation tests; namely,  
  inspection of diamond indenters which showed formation of nano-sized pits at tests 
conducted at ≥700°C – the change in the sharpness of the indenter tip has a significant 
effect on the hardness values;   
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  the SEM technique in observing the tribo-layer was used in the microstructural analysis; 
and, 
  incorporation of pile-up measurements in the hardness values. 
These have significant effect on the high temperature indentation test results and would not have 
been realized without the results of the scratch tests.  
 
The expansive high temperature indentation tests were analysed to give detailed information on the 
following: 
  hot hardness data from room temperature up to 800°C; the effect of indent pile-up on hot 
hardness; the controlling factor for hot hardness at various temperatures from room 
temperature up to 800°C and thereby giving information on the best combination of 
WCags and wt%Co for hot hardness at various temperatures; 
  creep at 500°C to 800°C; the effect of creep on hardness and determination of the best 
WCags and wt%Co combination to resist creep at temperatures ranging from 500°C to 
800°C; 
  detailed microstructural analysis showing the damage mechanisms involved and evolution 
of plastic deformation on the WC grains at various temperatures using SEM, EBSD and 
FIB. 
 
The hot hardness data showed a dramatic drop in hardness at temperatures ≥500°C which 
categorizes these results into two temperature regimes, namely: low temperature regime from room 
temperature up to <500° and high temperature regime at temperatures ≥500°C. These finding are 
accompanied by detailed examination of the microstructures to understand the damage mechanisms 
governing these behaviours. In the low temperature regime,  
  the controlling factor for hot hardness is the WCags and that the best combination of 
factors is the low WCags and low wt%Co, in this case, the 0.25WC/6Co hardmetal; 
  the damage mechanism is characterised by plastic deformation of WC grain via slip, 
intragranular fracture of the WC grains on the indent surface and intergranular fracture 
along the indent edges; and, 
  formation of pile-up is significant which is indicative of the strain hardening behaviour of 
WC/Co at these temperatures. 
In the high temperature regime, 
  the controlling factor is dominated by the interaction effect of WCags and wt%Co, such 
that WCags alone is not the dominant factor in retaining hot hardness; 
  the damage mechanism is characterised by severe plastic flow leading to a shape change in 
WC grains; and  
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  this softening of the WC/Co is further indicated by the diminishing effect of pile-ups at 
high temperatures. 
  
Hardness is defined as the material’s ability to resist plastic deformation, but more specifically, 
through the expansive microstructural analysis conducted in this thesis; it was found that hardness 
of WC/Co is characterised by the ability of the WC grains to accommodate load by slip formation 
at the low temperature regime; and by plastic flow and shape change of the WC grains exhibited at 
higher temperatures. These deformation mechanisms are summarized in Figure 141.  
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Figure 141 Summary of deformation mechanism with temperature. 
 
 
 
Hence, the results of this thesis provided first time high temperature - property – composition – 
microstructure systematic study giving an in-depth understanding of WC/Co hardmetals that were 
not available beforehand and which are very useful to the industry. Together with existing data on 
WC/Co that affect wear (e.g. fracture toughness), these information provide better guidance to the 
design of new WC/Co hardmetals that are more able to withstand high temperature deformation 
and wear where temperature plays a crucial role in their applications.   
 
 
The indentation tests at the high temperature regime were further supplemented with creep 
experiments and although it is at its preliminary stage, the comprehensive indentation creep tests  
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conducted on the four WC/Co hardmetals enabled a comparative analysis of their creep 
deformation. It was found that: 
  in the lower temperature range (500°C - 600°C), the WCags is the controlling factor. A 
lower WCags is preferred and an increasing desirability is achieved if this is combined 
with a lower Co content, i.e. 0.25WC/6Co; and,  
  at higher temperatures (700°C - 800°C), the controlling factor is switched to the Co 
content; and that a low Co content and low WCags combination is most resistant to creep.  
 
Furthermore, it shows that from 500°C - 800°C, the best combination of WCags and wt%Co to 
resist creep is the 0.87WC/6Co hardmetal. In contrast, the material selection for hot hardness from 
room temperature up to 700°C is not as straightforward. In addition, the results show that a 
material exhibiting high hot hardness may not be a material of choice for creep applications and 
therefore, Figures 139 and 140 can be used as an excellent tool to determine the most suitable 
combination of WCags and wt%Co for hot hardness and creep resistance. 
 
In selecting the appropriate material for any industrial application using WC/Co, it is important to 
identify the environment that the material is being applied to in order to determine the best material 
combination. For example, for wire drawing operations, the material is mostly exposed to 
prolonged high temperatures as well as abrasion from the workpiece material. In such cases, it is 
important to look at both the hot hardness and creep deformation behavior of these materials and in 
addition, other properties such as high temperature fracture toughness. 
 
In applications where thermal contact is intense but short lived, such as those with cutting or 
machining operations, hot hardness property will have a significant effect on the choice of the 
correct WCags and wt%Co combination. For example, at low speeds which translate to lower 
contact temperatures, a lower WCags with lower Co content is preferred. But at much higher 
temperatures (e.g. induced due to increased operating speeds), the most preferred combination in 
retaining hot hardness then shifts to those with lower WCags with high wt%Co (such as that of the 
0.25WC/10Co hardmetal sample).  
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8.0 FUTURE WORK 
 
The results of this thesis provide much first time information on the deformation mechanisms 
governing room temperature and high temperature wear of WC/Co. It has provided a 
comprehensive test procedure and understanding of the high temperature – property – composition 
interaction of WC/Co. Due to these significant findings, additional studies are recommended to 
further the research in this area of wear analysis. 
 
The following are recommended for future work: 
  machine compliance correction of the new machine to enhance the depth sensing capability 
of the new test rig, this will enable mechanical properties to be determined using the load-
displacement curves;  
  enhance the user interface program of the new rig to enable high temperature scratch 
testing; 
  study the deformation behaviour of the Co binder and its role in the overall deformation of 
the WC/Co hardmetal, i.e. by using an appropriate high wt%Co sample; the study of the Co 
binder can utilize the use of TEM and the use of nanoindentation tests; 
  expansive indentation creep studies to further understand the source of the backstress and 
encompass the contribution of the Co binder for a thorough understanding of the 
deformation mechanism; 
   use of predictive modelling such as finite element analysis to determine the hot hardness 
and creep behaviour of various WC/Co hardmetals;  
  use a wider range of WCags and wt% Co, i.e. using >15wt%Co, as well as coated WC/Co 
hardmetals and new formulations of WC/Co; and, 
  conduct hardness measurement of tribo-layers formed during scratch tests. 
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APPENDIX D: Parts List of Upper and Lower Vacuum Chambers 
 
 
 
 
 
Figure 142 Detailed drawing of the lower vacuum chamber 
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Figure 143 Detailed drawing of load contactor. 
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Figure 144 Detailed drawing of interface plate.  
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Figure 145 Detailed drawing of sample stage part 2.  
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Figure 146 Detailed drawing of sample stage part 1.  
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Figure 147 Detailed drawing of stage base support.  
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Figure 148 Detailed drawing of solid cylinder part 2.  
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Figure 149 Detailed drawing of bottom support for the circular shaft.  
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Figure 150 Detailed drawing of bottom support of vacuum chamber.  
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Appendix E: Indenter Furnace and Sample Furnace Parts 
 
 
 
 
 
Figure 151 Detailed drawing of indenter furnace heating coil.  
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Figure 152 Detailed drawing of indenter furnace part 2. 
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Figure 153 Detailed drawing of indenter furnace part 4.  
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Figure 154 Detailed drawing of indenter furnace part 5. 
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Figure 155 Detailed drawing of indenter furnace water cooling system. 
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Figure 156 Detailed drawing of sample furnace heating coil. 
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Figure 157 Detailed drawing of sample furnace part 2. 
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Figure 158 Detailed drawing of sample furnace part 3. 
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Figure 159 Detailed drawing of sample furnace part 4. 
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Figure 160 Detailed drawing of indenter furnace water cooling system. 
  
227 
 
 
 
 
 
 
 
Figure 161 Detailed drawing of support plate for sample furnace assembly. 
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APPENDIX F: Kanthal Wire  Heating Element Material Properties (lifted from www.matweb.com and www.kanthal.com) 
 
 
Kanthal A-1 is a high temperature ferritic iron-chromium-aluminium alloy (FeCrAl) that is be used as heating elements in high temperature furnaces of up 
to 1400°C. It is also characterised by its high resistivity and very good oxidation resistance. Below is a summary of its temperature dependent material 
properties. 
 
 
Table 14 Material properties of kanthal wire. 
Temperature 
(°C) 
Ultimate tensile 
strength (MPa) 
Young's Modulus 
(GPa) 
Linear coefficient of 
thermal expansion 
(x10-6 K) 
Thermal conductivity 
(W/m-K) 
Specific heat capacity 
(kJ/kg-K) 
20  -  220  11  11  0.46 
100  -  210  11  -  - 
200  -  205  11  -  0.56 
300  -  -  12  -  - 
400  -  190  12  -  0.63 
500  -  -  12  -  - 
600  -  170  14  20  0.75 
700  -  -  14  -  - 
800  -  150  15  22  0.71 
900  34  -  15  -  - 
1000  18  130  15  26  0.72 
1100  10  -  -  -  - 
1200  6  -  -  27  0.74 
1300  4  -  -  -  - 
1400  -  -  -  35  0.8 
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APPENDIX G: Grain Size Determination 
 
 
The structural characterization of the WC/Co hardmetals used in this thesis consisted of WCags 
measurement and WCags distribution. These were done for each sample and were determined 
through manual measurement of the grain sizes from several SEM images of the polished samples 
prior testing. 
 
There is no standard method of determining the grain sizes of WC/Co [95] and the method adopted 
in this thesis is the line intercept method. This is a manual data analysis done by drawing several 
lines across an SEM image (with sufficient magnification); whereby the length of each grain that 
intercepts the line was measured. A satisfactory number of count is obtained when the graph of the 
running average (of the measured grain sizes) achieves a constant value [124]. The running average 
of the raw data is shown in Figure 162.  
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        (a)                (b) 
 
 
   
         (c)                (d)       
 
 
 
         (e)               (f) 
 
 
Figure 162 WC grain size running average plots: (a) 0.84WC/6Co, (b) 0.9WC/11Co, (c) 
0.23WC/6Co, (d) 0.27WC/9Co, (e) fine-grained sample and (f) coarse-grained sample. 
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APPENDIX H: Hot Hardness Raw Data 
 
This section describes the analysis of the raw data obtained from the hardness tests. The raw data of 
hardness versus temperature values are plotted and the corresponding mean, standard deviation 
from the mean, the standard error mean, lower and upper 95% mean, and the range of values are 
summarized in a table. Figures 163-166 show these graphs and tables for each of the four samples 
tested. 
 
 
 
 
 
 
Temperature 
(°C)  Mean  Std 
Deviation 
Std Err 
Mean 
Lower 
95% 
Upper 
95%  Minimum  Maximum 
20  19.67  0.30  0.17  18.93  20.41  19.45  20.01 
100  18.86  0.25  0.15  18.24  19.49  18.59  19.10 
200  17.92  0.56  0.32  16.54  19.30  17.30  18.38 
300  17.10  0.10  0.06  16.85  17.35  17.00  17.20 
400  15.79  0.32  0.19  14.99  16.59  15.42  16.00 
500  14.39  0.60  0.35  12.90  15.88  13.73  14.89 
600  10.53  0.23  0.13  9.96  11.10  10.34  10.79 
700  7.07  0.36  0.21  6.18  7.96  6.67  7.35 
 
 
Figure 163 Hardness data for 0.25WC/6Co. 
 
  
232 
 
 
Temperature 
(°C)  Mean  Std 
Deviation 
Std Err 
Mean 
Lower 
95% 
Upper 
95%  Minimum  Maximum 
20  17.11  0.31  0.14  16.72  17.50  16.60  17.33 
100  16.35  0.29  0.21  13.74  18.96  16.15  16.56 
200  15.35  0.30  0.17  14.60  16.10  15.00  15.54 
300  14.32  0.29  0.13  13.96  14.69  14.02  14.73 
400  13.57  0.90  0.45  12.14  15.00  12.76  14.76 
500  11.84  0.21  0.12  11.33  12.36  11.60  11.96 
600  9.56  0.20  0.11  9.07  10.05  9.39  9.77 
700  7.61  0.56  0.32  6.22  8.99  7.09  8.20 
 
Figure 164 Hot hardness data for 0.87/6Co. 
 
 
 
Temperature 
(°C)  Mean  Std 
Deviation 
Std Err 
Mean 
Lower 
95% 
Upper 
95%  Minimum  Maximum 
20  18.60  0.65  0.38  16.98  20.21  18.01  19.30 
200  17.51  0.20  0.12  17.01  18.02  17.34  17.73 
300  16.84  0.47  0.27  15.68  17.99  16.37  17.30 
400  16.02  0.67  0.38  14.36  17.67  15.36  16.69 
500  14.38  0.11  0.06  14.12  14.65  14.26  14.47 
600  11.48  0.12  0.07  11.18  11.78  11.40  11.62 
700  8.27  0.08  0.05  8.06  8.47  8.20  8.36 
 
Figure 165 Hot hardness data for 0.25WC/10Co.  
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Temperature 
(°C)  Mean  Std 
Deviation 
Std Err 
Mean 
Lower 
95% 
Upper 
95%  Minimum  Maximum 
20  11.75  0.02  0.01  11.69  11.81  11.72  11.76 
200  10.58  0.26  0.15  9.92  11.23  10.36  10.87 
300  9.97  0.08  0.06  9.82  10.71  9.91  10.03 
400  9.45  0.38  0.22  8.51  10.39  9.91  9.85 
500  7.95  0.13  0.08  7.61  8.28  7.81  8.08 
600  6.84  0.06  0.03  6.69  6.99  6.78  6.89 
700  5.67  0.04  0.02  5.57  5.77  5.64  5.71 
 
Figure 166 Hot hardness data for 0.87WC/10Co. 
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APPENDIX I: Factorial Analysis of Variance (Factorial ANOVA) 
 
 
The aim of the factorial ANOVA is to determine if the means of each factor used are significantly 
different and whether an interaction is present [97]. A simple 2x2 factorial ANOVA was 
implemented following the 7 basic steps outlined below [130]. In this method, the computed F ratio 
is used to determine whether the means of each factor used is statistically significant to affect 
hardness and determines whether an interaction is present.  
 
The hot hardness results at 20°C were used to illustrate how the analysis was done for all the other 
temperatures used in the test.  
 
Taking the average indent diagonals obtained from room temperature hardness tests for each of the 
four samples, the analysis starts with arranging these results as tabulated in Table 15. 
 
 
Table 15 Summary of average indent diagonals for tests carried out at room temperature. 
 
  6wt%Co  10wt%Co 
 
0.25 WCags 
19.45  18.01 
19.56  18.48 
20.01  19.30 
0.87 WCags 
16.81  11.72 
17.33  11.76 
17.27  11.76 
 
 
 
From these results, below are the basic 7 steps that was conducted for factorial ANOVA: 
1. Define the null hypothesis and alternative hypothesis. 
This step defines the hypothesis to be tested in the factorial ANOVA. It will test if either the null 
hypothesis, H0, is valid or if the alternative hypothesis, H1, is valid. There are three sets of 
hypotheses that are going to be tested in this factorial ANOVA – one for each factor and the third is 
the interaction and these are the following: 
 
WCags 
  H0: µ0.25WCags = µ0.87WCags     where µ is the mean value 
  H1: µ0.25WCags ≠ µ0.87WCags  
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wt% Co 
  H0: µ6Co = µ12Co 
  H1: µ6Co ≠ µ12Co 
WCags x wt%Co interaction 
  H0: interaction is absent 
  H1: interaction is present 
 
2. State alpha criterion for the statistical data of F distribution [97] 
The critical level of alpha for determining whether a result can be judged statistically significant is 
conventionally set at 0.05 [130] 
 
3. Calculate the degrees of freedom,  . 
There are 5 degrees of freedom to compute in this analysis and these are the following: 
   
??????? = ? − 1 = 2 − 1 = 1 
 
????%?? = ? − 1 = 2 − 1 = 1 
 
?? ???????? %?? =  ? − 1  ? − 1  =  2 − 1 (2 − 1) = 1 
 
?? ????? = ? − ?? = 12 − 4 = 8 
 
?? ????? = ? − 1 = 12 − 1 = 11 
 
Where  ,   is the number of levels of each factor and   is the population pertaining to the total 
number of responses. 
 
4. State the decision rule. 
The decision rule on which to either reject the null hypothesis or reject the alternative hypothesis 
pertains to the F critical value to which the computed F ratio will be compared with in the latter 
part of this analysis. There are three sets of hypotheses so there are three decision rules (or F 
critical values) to be used which are the following: 
 
????? (?? ?????,?? ????? ):  (1,8) 
 
??%??  ?? ??%??,?? ?????  :  (1,8) 
 
????? ? ??%??  ?? ???????? %??,?? ?????  :  (1,8) 
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Using the statistical table of the F distribution for alpha = 0.05 [97], the F critical value for all three 
hypothesis is 5.3177. Thus for the two main effects (WCags and wt%Co) and the interaction effect, 
if:  
  F ratio > F critical value, then the null hypothesis, H0 is rejected. 
 
5. Calculate test statistics. 
 
This section computes the test statistics and is summarized in table 16. 
 
Table 16 Summary of test statistics. 
  Sum of Squares 
(SS) 
Degrees of 
freedom (df) 
Mean Square   F ratio 
WCags  67.74  1  67.74  447.93 
Wt%Co  31.56  1  31.56  208.92 
WCags x wt%Co  14.05  1  14.05  92.89 
Error  1.21  8  0.15   
Total  112.56  11  10.23   
 
 
????%?? =
 ( ?𝑖)2
 ? (?)
−  
?2
?
  
 
 
??????? ? ??%?? =
 ( ?𝑖?𝑖)2
(?)
−
 (?𝑖)2
(?)(?)
−
 (?𝑖)2
(?)(?)
+  
?2
?
  
 
 
?? =
??
??
 
 
 
? =
????????
???????
 
 
 
Where  ?𝑖 and ?𝑖 are the response at 𝑖 level for A and B, respectively wherein 𝑖 refers to the level of 
the factor being considered: 
 
  T is the total sum of responses 
  b is the number of levels in factor B  
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  n is the number of responses for each treatment combination 
  N is the total number of responses 
 
6. Results and conclusion. 
The results are the following: 
 
  FWCags > Fcritical value; reject the null hypothesis 
  Fwt%Co > Fcritical value; reject the null hypothesis 
  FWCags x wt%Co > Fcritical value; reject the null hypothesis 
 
The WCags has a very high significance on the hardness values obtained at 20°C. There is also a 
significant difference on hardness if the wt%Co is changed. An interaction was also present. In 
terms of varying degrees of significance based from the Fratio values obtained, the order of 
significance is as follows:  
   
WCags > wt%Co > interaction 
 
This type of analysis was then carried out at each level of temperature test conducted and a 
summary of the F-ratios at each temperature were obtained. 
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APPENDIX J: Determination of the Backstress 
 
 
Following a similar analysis in metal-matrix composites or particle strengthened alloys [107-110] 
wherein the unusually high ?  values have been attributed to the existence of a backstress or 
internal stress,  𝜎0  acting in opposition to the applied stress,  𝜎? , the backstress is calculated using 
the method outlined below. 
 
Incorporating Equation 12 to Equation 26 gives the modified equation for shear strain rate 𝗾 : 
 
 
𝗾 ∝  
𝜎??
𝜇
 
?
 
             Equation 29 
 
Where the effective stress,  𝜎? ,  is given by 
   𝜎?? = (𝜎? − 𝜎0)  3               Equation 30 
 
The stress exponent n can be approximated by taking the slope of a plot of ???𝗾 versus 
??? 
𝜎??
𝜇
  
. 
 
In this study, the backstress value was approximated by assuming a value below which the change 
in hardness approaches zero; this is equivalent to a strain rate of zero [106]. By plotting the 
hardness value versus dwell time as shown in Figure 167, the backstress values could be 
approximated and the effective stresses are computed.  
 
The log-log plot of strain rate and effective stress therefore gives the value of the stress exponent. 
Since this is an approximation, a sensitivity study was conducted to show the effect of the 
backstress values on the stress exponent n for the 0.87WC/6Co hardmetal and this gives a linear 
relationship as shown in Figure 168.    
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Figure 167 Hardness versus dwell time at various temperatures for 0.87WC/6Co. 
 
 
 
 
Figure 168 Linear dependence of stress exponent, n, with backstress. 
   
 
 
On the other hand, the value of stress exponent on WC/Co from literature is available. From 
previous studies employing various creep test techniques, the stress exponent values for a range of 
WC/Co materials with various Co content and WC grain sizes varied from 1-7.5 [43, 111-115] at 
temperatures ranging from 750°C to 1000°C. These temperatures are higher than those used in this  
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study; however, it gives an approximation of the values at lower temperatures.  
 
Using the extrapolated values of stress exponent from literature, the backstress values were 
approximated for the samples tested according to the following procedure: 
 
1. A stress exponent of about 2-4 was used at 800°C and the backstress needed to achieve this was 
back-calculated using plot of ???𝗾 versus 
??? 
𝜎??
𝜇
  
.  
2. The percent difference of this backstress from the asymptote value found in Figure 167 was 
calculated. 
3. The same percent difference was used to obtain the backstress at lower temperatures. 
4. Plots of ???𝗾 versus 
??? 
𝜎??
𝜇
  
were done to obtain the stress exponent at lower temperatures. 
 
Table 17 summarizes the backstress values obtained and the corresponding stress exponent at 
varying temperatures. 
 
 
 
Table 17 Backstress values and stress exponent at varying temperatures. 
σo (GPa) n σo (GPa) n σo (GPa) n σo (GPa) n
500 2.5 5.2 4.2 1.5 2.0 5.7 5.0 5.2
600 2.0 3.6 3.0 1.6 1.9 4.4 3.7 2.8
700 1.4 2.6 2.0 2.2 1.2 1.6 2.6 2.8
800 - - - - - - 2.0 2.7
Temperature (°C)
0.87WC/6Co 
(Mars6A)
0.25WC/10Co 
(HM220)
0.87WC/10Co 
(Mars11A)
0.25WC/10Co 
(P90)
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